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1.0  INTRODUCTION 


This  final  report  covers  work  performed  by  JAYCOR  under 
contract  to  the  Naval  Research  Laboratory  (NRL)  over  a 
period  of  29  months  from  01/14/80  through  04/14/83.  The 
original  contract  (JAYCOR  Proposal  8351-11,  March  1979)  was 
funded  with  a  start  date  of  01/14/80  and  subsequently 
modified  three  times  (JAYCOR  Proposals  8206-29,  January 
1981;  Proposal  8207-12,  August  1981;  and  Proposal  8800-02, 
April  1982).  A  no-cost  extension  of  the  contract  was  also 
granted  to  extend  the  contract  from  01/14/83  to  04/14/83. 

The  work  performed  under  this  contract  involved 
research  in  the  areas  of  diode  physics,  beam  transport  and 
plasma  erosion  opening  switches.  The  research  was  conducted 
on-site  at  NRL  by  JAYCOR  as  part  of  NRL's  Light-Ion  Inertial 
Confinement  Fusion  (ICF)  program  for  the  Department  of 
Energy  (DOE)  and  NRL's  Defense  Nuclear  Agency  (DNA)  program 
for  Nuclear  Weapons  Effects  Simulation  ( NWES ) .  Results  of 
the  JAYCOR  effort  in  these  programs  significantly  aided  NRL 
in  successfully  accomplishing  its  tasks.  As  with  any 
research  project  the  goals  and  needs  of  the  program  often 
shift  during  the  performance  period  of  the  contract.  This 
is  reflected  here,  for  example,  in  that  the  original 
proposal  contains  no  mention  of  plasma  erosion  opening 
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switch  work,  yet  it  was  a  dominate  part  of  the  work  at  the 
end  of  the  performance  period.  Similarly,  when  the  contract 
began,  beam  transport  was  identified  as  a  major  part  of  the 
work,  but  was  not  mentioned  in  the  Statement  of  Work  in  the 
last  modification. 

Here  all  aspects  of  the  work  performed  under  this 
contract  are  reported.  Because  of  the  length  of  the 
performance  period  of  this  contract,  most  of  the  work  has 
already  been  presented  at  scientific  conferences  or 
documented  in  reports  and  published  journal  articles .  For 
this  reason  each  area  of  research  is  only  summarized  to  tie 
the  various  reports,  etc.,  together.  Each  such  summary  is 
then  followed  by  an  extensive  collection  of  reports  where 
all  the  technical  details  are  included.  There  were  three 
major  areas  of  research.  Section  2  will  deal  with  the  diode 
physics  research  area,  Section  3  will  deal  with  the 
investigation  of  intense  beam  transport  and,  finally, 
Section  4  will  involve  plasma  erosion  opening  switch 
research . 


I 
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2.0  DIODE  PHYSICS 

The  continuing  development  of  diode  physics 
understanding  has  been  the  main  thrust  of  the  work  under 
this  contract.  The  production  and  focusing  of  intense 
light-ion  beams  for  ICF  purposes  and  the  generation  of 
intense  e-beams  for  Bremsstrahlung  production  are  two  of  the 
major  goals  of  the  program.  Over  the  course  of  this 
contract  many  areas  of  diode  physics  have  been  investigated 
both  experimentally  and  theoretically.  Ion  production 
efficiency  has  been  studied  in  detail  including  scaling  to 
high  voltage  and  power.  Focusing  of  high  brightness  beams 
to  small  areas  has  also  been  investigated  as  well  as 
techniques  to  improve  beam  brightness.  Methods  for 
increasing  the  critical  current  which  can  be  driven  through 
a  pinched  beam  diode  for  a  given  anode-cathode  gap  have  also 
been  studied  in  order  to  prevent  premature  gap  closure.  New 
diode  concepts  have  been  tested  including  the  equatorial 
pinch-reflex  diode  (EPRD),  the  series  diode,  the 
magnetically  insulated  splitter  concept*  and  the 
paravector-potential  diode.  Problems  involving  magnetically 
insulated  flow  have  been  addressed  on  numerous  occasions  and 


Shannon  et  al.,  1983  IEEE  International  Conference  on 


Plasma  Science,  (San  Diego,  CA,  1983). 
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finally  new  diagnostics  have  been  developed.  Results  in 
each  of  these  areas  is  summarized  here  and  technical  details 
can  be  found  in  the  attached  reports. 

The. pinch-reflex  diode  (PRD)  is  the  mainstream  diode 
concept  in  the  program.  High  ion  production  efficiency  is 
attained  by  pinched  electron  flow  reflexing  along  the  anode 
surface  allowing  for  enhanced  ion  emission. 

Particle-in-cell  (PIC)  codes  have  provided  a  great  deal  of 
insight  into  the  operation  of  such  a  diode.  Scaling  laws 
for  the  impedance  and  ion  production  efficiency  have  been 
derived  analytically  and  verified  by  experiments  and 
numerical  simulations  using  the  PIC  codes.  The 

two-dimensional  electric  and  magnetic  field  profiles  and 
current  flow  patterns  obtained  from  the  code  runs  have 
helped  develop  an  understanding  of  how  the  diode  operates 
and  more  importantly  how  to  improve  or  manipulate  diode 
operation . 

For  example,  attempts  at  beam  focusing  using  shaped 

anodes  and  self-magnetic  field  focusing  effects  was  greatly 

aided  by  information  derived  from  the  code  results.  This 

led  to  the  focusing  of  0.5  TW  deuteron  beams  produced  on  the 

NRL  Gamble  II  generator  to  current  densities  of  ~  300 

2 

kA/cm  .  Numerical  simulations  have  also  been  used  to  study 
small-area  pinch-reflex  diode  operation  in  the  3-5  H  range 
in  order  to  guide  experiments  on  Gamble  II  at  NRL.  The 
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results  led  to  successful  production  of  high-brighness 

proton  beans  (.4  MA,  1MV)  from  20  cm  axial  PRD’s  at  a 

2  2 

source  power  brighness  of  >  10  TW/cm  rad  . 

Another  important  aspect  of  the  reseach  involved 

demonstration  that  the  PRD  operation  could  be  successfully- 

scaled  to  higher  voltage  and  higher  power.  Experiments  were 

performed  on  the  Aurora  generator  at  Harry  Diamond 

Laboratory  to  investigate  high  voltage  operation  and  on  the 

Pithon  generator  at  Physics  International  to  study  high 

power  operation.  On  Aurora  high  impedance  diodes  (10~35  ) 

were  used  to  generate  >  50  kA  ion  beam  at  <_  5  MV  with  ion 

production  efficiencies  of  ~20%  •  This  agrees  well  with 

numerical  simulations  and  the  theoretical  scaling  of  I-j/la 

k  k 

~(mo/2m.j)1  ( Y  +  l )  2  R/D,  however,  in  this  small  R/D,  high 

impedance  diode,  code  results  show  that  electron  raflexing 
is  less  important  than  in  the  large  R/D,  low  impedance 
diode.  The  R/D  enhancement  here  is  attributed  to  prolonged 
electron  lifetime  in  the  diode  gap  due  to  complicated 
electron  trajectories  as  they  drift  across  the  diode  gap. 
Thus  scaling  to  high  impedance,  high  volrage  operation  was 
successful . 

Scaling  to  high  power  was  achieved  on  Pithon.  Ion 

beams  with  currents  of  1  MA  at  1.8  MV  were  extracted  in  a 
130  kJ,  100  ns  pulse  with  a  peak  power  approaching  2  TW. 
The  ion  production  efficiency  was  “'60%  with  a  anode  source 
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current  density  an  average  of  “20  kA/cm“.  These  results 

agreed  well  with  theoretical  and  numerical  predictions. 

2 

Focusing  to  current  densities  of  150  kA/cm  was  also 
achieved  on  Pithon. 

Since  high  impedance  (which  here  is  meant  to  be  ~4  f.  ) 
operation  is  required  for  machines  like  P3FA-I  at  Sandia  and 
generally  high  impedance  implied  low  ion  produr  on 
efficiency  for  PRD's,  attempts  were  made  to  find  wa^  of 

improving  I.. /I  for  4  Q  operation.  The  magnetic  dam  cor  ct 

uses  a  wire  carrying  a  current  in  the  gap  behind  the  a  je 

foil  to  relfect  electrons  entering  this  gap  back  into  the  AK 

gap  at  a  larger  radius  than  they  entered.  This  is 
accomplished  by  having  the  wire  current  flow  in  the  opposite 
direction  to  the  normal  diode  current  flow.  This  technique, 
however,  as  studied,  increased  both  the  electron  and  ion 
current  leaving  I^/l  essentially  unchanged. 

The  use  of  a  finite  in  the  diode  shank  was  also 

J 

studied  numerically  to  see  if  I^/lg  could  be  increased. 
Numerical  simulations  predict  that  the  ratio  of  the 
effective  ion  current  to  total  diode  current  can  be 
significantly  increased  by  introducing  a  small  but  finite 
azimuthal  current  into  the  tip  of  the  cathode  shank  of  a 
high  impedance  (4  Cl  )  axial  pinch-reflex  diode.  Such  a 
current  generates  large  tangential  magnetic  fields  along  the 
electron-emitting  cathode  surfaces.  These  fields,  in  turn, 
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impart  finite  angular  momentum  to  the  electrons  as  thev  are 
injected  into  the  anode -cathode  gap.  The  resultant  oarricle 
self-fields  alter  electron  trajectories  in  such  a  way  as  to 
boost  electron  space  charge  near  certain  portions  of  the 
ion-emitting  anode  surface .  The  net  consequence  is  a 
modification  of  the  radial  profile  of  ion  emission  which 
enhances  tne  net  ion  current  transmitted  through  the 
interior  or  the  hollow  cathode  shank. 

Introducing  a  conducting  anode  ring  on  the  surface  of 
■-.he  anode  was  also  investigated.  The  modification  consists 
of  covering  the  anode  foil  with  a  conducting  annulus  which 
has  an  inner  diameter  slightly  smaller  than  the  inner 
diameter  of  the  cathode.  The  annulus  (typically  Ta  or  A1 ) 
is  then  compared  with  the  electron  range  and  is  ..ct 
electrically  connnected  to  the  machine  inner  conductor, 
experimental  observations  of  diode  operation  for  such  a 
conriguration  included  (1)  better  symmetry  of  pinchir.c  and 
more  reliable  centering,  (2)  significant  increase  in 
impedance  for  a  given  anode-cathode  gao,  '3)  higher 
ion-production  efficiency  for  a  given  impedance  and  (4) 
oetter  late-time  impedance  behavior  even  for  very  small 
anode-cathode  gaps.  Computer  simulation  codes  indicate  that 
the  suppression  of  ion  emission  in  the  region  of  the 
metallic  annulus  in  turn  suppresses  electron  emission  from 
-he  catnode  tip  resulting  in  a  diode  behavior  which  is 
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consistent  with  the  experimental  observations. 

The  radial  or  a  barrel-shaped  version  of  the  axial  PRD, 
which  is  called  the  equatorial  pinch-reflex  diode  (EPRD), 
also  provides  for  improved  ion  production  efficiency.  This 
diode  easily  coupled  to  P3FA-I  and  showed  flat  impedance 
behavior  and  good  power  flow  characteristics .  The  important 
feature  here,  however,  is  that  the  impedance  is  controlled 
by  R/D  where  R  is  the  diode  radius  and  the  ion  production 
efficiency  is  controlled  by  H/D  where  H  is  the  height  of  the 
diode.  Thus  l^/lQ  could  be  increased  by  simply  raising  H. 
This  is  limited  by  the  ability  to  effectively  turn  on  the 
larger  anode  area.  Experimental  and  numerical  code  results 
verified  this  scaling.  Beam  focusing  with  this  diode  is 
also  expected  to  be  easier  than  with  the  axial  PRD,  because 
of  uniform  J.  in  the  EPRD  as  opposed  to  J.~l/r  in  the  axial 
PRD.  The  magnetic  binding  of  the  ion  orbits  in  the  AX  gap 
then  is  proportional  to  height  in  the  EPRD  and  thus  acts  as 
a  lens  whereas  in  the  PRD  magnetic  binding  is  the  same  at 
all  radii  and  must  be  compensated  for. 

For  relativistic  electron  beam  (REB)  production  a 

technique  was  developed  for  exceeding  the  critical  current 

or  effectively  reducing  the  impedance  of  a  pinched  beam 

diode.  Typically,  the  current  drawn  from  REB  diodes  is 

2 

equal  to  the  critical  current,  Ic(kA)=8.5  R/D(y  -1)':  where  R 
and  D  are  the  cathode  radius  and  the  effective  anode-cathode 
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gap  and  is  the  usual  relativistic  factor.  Theoretical 
studies  indicate  that  I  can  be  exceeded  by  almost  a  factor 
of  2  by  shaping  of  the  anode  structure  and  selectively 
controlling  ion  emission.  These  predictions  were  tested 
experimentally  on  the  NRL  Gamble  II  generator.  A  radial 
electric  field  was  introduced  by  extending  the  anode 
coaxially  with  the  cathode.  The  resulting 
radial-gap-to-axial-gap  ratio  was  then  varied.  In  addition, 
information  was  controlled  by  either  using  graphite-coated 
metal  surfaces  to  suppress  ion  production  or,  insulators 
designed  for  easy  flashover.  Results  indicated  that  the 
impedance  can  indeed  be  controlled  by  these  techniques  in 
agreement  with  the  theoretical  predictions.  This  allows  the 
diode  gap  to  be  set  at  a  larger  value  to  obtain  the  same 
impedance  without  anode  shaping  thus  helping  to  prevent 
premature  gap  closure. 

The  ability  to  focus  intense  light-ion  beams  extracted 
from  PRD 1 s  has  been  studied  both  experimentally  and 
theoretically.  Focus  control  with  megampere-level  ion  beams 
requires  analysis  of  radially  and  time-dependent 
self-magnetic  field  effects  in  the  diode. 
Focus-compensating  techniques  include  electrode  shaping  and 
proper  account  of  electrode  plasma  motion.  This  anode 
plasma  motion  has  been  studied  experimentally  and 


theoretically  with  a  1-D  hydrocode  and  shows  rapid  expansion 
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near  the  axis  with  peak  velocities  as  high  as  30  cm/usec  due 

to  pressure  gradients  and  J:<3  forces.  Attention  must  also 

be  paid  to  uniform  anode  and  cathode  turn-on  and  subsequent 

ion  beamlet  pinching  in  the  vacuum  gap  between  the  anode  and 

cathode  foils.  Experimentally  it  was  found  that  the  source 

brightness  can  be  improved  by  minimizing  this  vacuum  gap  and 

thus  ion  beamlet  pinching  predicted  by  theory.  In 

particular  an  ion-beam-divergence  half  angle  AS  of  0.05 

radians  was  achieved  with  a  planar  diode.  This  implies  a 

2  13  2  2 

source-power  brightness  of  ?/  A0  ~  10  W/cm  rad  .  Focusing 
of  such  bright  beams  is  still  being  investigated. 

Although  closing  the  axial  anode-cathode  gap  improves 
beam  brightness,  it  does  not  eliminate  f ilamentation  as 
source  of  beam  divergence.  In  addition,  it  forces  reduction 
of  the  diode  impedance  and  leads  to  premature  gap-closure. 
In  order  to  overcome  these  limitations  a  diode  concept 
incorporating  both  axial  and  radial  electric  fields  was 
studied  both  experimentally  and  by  computer  simulation.  The 
new  geometry  incorporates  anode  shaping  as  in  the  REB 
experiments.  The  anode  is  extended  axially  in  the  form  of  a 
cylinder  so  that  it  surrounds  the  cathode  shank  azimuthally 
and  allows  for  a  controllable  radial  anode-cathode  gap.  The 
diode  impedance  is  primarily  determined  by  the  emission,  and 
subsequent  pinching  on  axis  of  electrons  off  the  extended 
cathode  shank.  This  allows  for  electron  orbit  mixing  which 
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may  mean  less  rippling  of  the  E-field  lines  in  the  ion 
production  region  of  the  diode.  Such  ripples  have  been 
observed  in  computer  simulations  to  have  scale  lengths  of 
the  order  of  an  electron  Larmor  radius  for  the  case  of 
thin-walled  hollow  cathodes  emitting  axially.  In  addition, 
since  the  axial  gap  is  no  longer  as  important  for  electron 
emission,  the  ion-current-neutralizing  gas  region  inside  the 
cathode  can  be  extended  axially  all  the  way  to  the  cathode 
tip  thus  further  minimizing  E-field  rippling  while  at  the 
same  time  minimizing  the  axial  in  vacuo  ion  flow. 

Experimentally,  it  was  found  that  by  suppressing  ion 
production  from  the  radial  structure  one  can  avoid  severe 
ion  beam  f ilamentation  in  the  azimuthal  direction.  In 
particular,  in  focusing  geometry  significant  improvement  in 
the  beam  divergence  was  observed,  i.e.,  smaller  aiming 
errors  when  such  an  axial-radial  geometry  is  employed.  Good 
impedance  control  was  also  experimentally  achieved  by 
varying  the  radial  anode-cathode  gap. 

By  increasing  the  electron  emission  area  the 
possibility  of  cathode  plasma  filmentation  by 
thermal-resistive  instability  is  reduced.  Electron  current 
flow  drawn  off  a  hollow  cylindrical  cathode  in  a 
pinch-reflex  ion  diode  is  observed  in  general  to  have  a 
filamentary  structure.  Such  f ilamentation  can  lead  to 
nonuniform  anode  turn-on  and  ion  emission.  Consequently, 
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ion  beam  brightness  is  degraded.  In  this  context  a  purely- 
growing  thermal -resisitive  instability  in  the  cathode  plasma 
was  examined.  The  instability  causes  current  f ilamentation 
and  grows  on  a  time  scale  comparable  to  the  electron-ion 
energy  equilibration  time.  Since  the  peak  growth  rate 
scales  with  J  ,  increasing  the  emitting  area  should  reduce 
the  growth.  Electron  inelastic  collisions  have  a 
stabilizing  influence  on  the  instability. 

Electromagnetic  PIC  code  development  has  begun  and 
eventually  will  be  very  valuable  in  studying  diode  phenomena 
such  as  electromagnetic  instabilities  in  the  diode  flow. 
Preliminary  results  for  bi-polar  flow  in  planar  diodes 
indicate  that  indeed  the  electron-ion  flow  is  filamented  and 
may  be  an  inherent  source  of  ion  beam  divergence. 

Other  diode  concepts  which  have  been  studied  are  the 
para-vector-potential  diode,  the  series  diode  and  the 
magnetically  insulated  splitter.  The  para-vector-potential 
diode  is  designed  to  allow  for  a  very  tight  electron  beam 
pinch.  Analytic  theory  numerical  simulations  and 
experiments  show  that  a  combination  of  a  bias  current  pinch 
and  an  ion  induced  pinch  allows  efficient  pinching  of 
electron  beams  generated  in  large  aspect  ratio  diodes.  In 
the  new  diode  geometry  electrons  flow  radially  inward  along 
vector-potential  field  lines  which  lie  close  to  the  anode. 
As  these  electrons  do  not  touch  the  anode,  there  is  no 
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plasma  formation  and  consequent  loss  of  energy  to 
accelerated  ions.  Entering  a  region  close  to  the  axis  in 
which  an  anode  plasma  does  exist  these  electrons  undergo  an 
ion  induced  pinch  to  still  smaller  radii.  Since  the  bulk  of 
the  flow  occurs  long  vector-potential  field  lines,  this  new 
diode  is  called  the  Paravector-potential  diode. 

The  concept  of  a  series  RE3  diode  has  been  investigated 
in  the  past  by  researchers  from  several  groups  including 
those  from  Physics  International  Co.  and  Maxwell 
Laboratories,  Inc.  It  involves  driving  two  or  more  REB 
diodes  in  series  from  a  single  source  in  order  to  proportion 
the  total  available  generator  voltage  between  each  diode. 
This  is  particularly  useful  for  producing  a  low  energy 
e-beam  source .  Recent  experiments  have  shown  that  two  REB 
diodes  could  be  successfully  driven  in  series  when  the 
center  floating  electrode  which  must  act  as  the  anode  for 
one  diode  and  the  cathode  for  che  other  diode  was 
mechanically  held  rigid  by  a  1  ’-H  inductor.  The  voltage  of 
the  floating  electrode  was  inferred  from  measurements  of  the 
current  flowing  through  the  inductor.  The  1.5  MV  generator 
voltage  was  divided  approximately  equally  between  the  two  12 
cm  diameter  hollow-cathode  diodes  when  300  kA  flowed  through 
each  diode.  Similar  electron  beam  induced  damage  was  also 


observed  on  each  anode. 
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Annular  electron  beams  have  been  produced  using  a 
magnetically  insulated  splitter  concept.*  This 
three-diimensional  configuration  was  used  on  NRL ' s  Gamble  II 
vacuum  diode  to  convert  the  coaxial  generator  output  to  a 
triaxial  output.  It  in  turn,  drives  a  double-edged  annular 
cathode  where  ideally  the  electrons  from  the  outer  edge 
pinch  inward  while  electrons  from  the  inner  edge  pinch 
outward.  The  results  was  an  annular  electron  beam  whose 
average  diameter  is  determined  both  by  the  relative 
inductances  associated  with  the  inner  and  outer  anode  return 
current  paths  and  by  the  relative  impedances  of  the  inner 
and  outer  cathodes . 

Experiments  were  performed  at  power  levels  of  up  to 
1.5  TW  and  energies  of  40-60  kJ.  Typical  voltages  were 
1-1.5  MV  with  currents  of  0.6-1. 2  MA.  The  typical  10  cm 
diameter  diode  geometry  was  varied  to  determine  impedance 
behavior  beam  quality  and  beam  shape.  In  addition  to 
controlling  anode-cathode  gap  spacings,  cathode  annulus 
width  and  return  path  inductances,  ion  production  from  the 
anode  was  also  controlled,  by  selectively  using  high  and  low 
atomic  weight  materials,  in  an  attempt  to  effect  beam 
positioning . 

* J .  Shannon  et  al . ,  1983  IEE  International  Conf.  on  Plasma 
Science,  (San  Diego,  CA,  1983). 
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The  low  prepulse  (<  10  kV)  and  fast  risetime  (<  20  ns) 
of  the  Gamble  II  outut  volcage  pulse,  generally  produced 
well  behaved  azimuchaily  symmetric  beams  although  electron 
beam  filaments  originating  from  the  magnetic  nulls  between 
the  magnetically  insulated  posts  could  be  observed. 
Finally,  two  concentric  tri-plate  feeds  producing  annular 
beams  of  5  and  15  cm  diameter  were  tested.  The  two  beams 
were  smooth  and  well-behaved  and,  as  expected,  could  be 
controlled  independently  of  each  other.  Such  a  technique 
can  eventually  lead  to  the  capability  of  producing 
large-area,  low  impedance  electron  beams  with  very  little 
current  loss  to  anode-produced  ions. 


The  important  issue  which  affects  the  design  of  pulsed 
power  devices  in  general  is  vacuum  magnetic  insulation.  Two 
particular  cases  that  were  studied  in  detail  were  electron 
leakage  power  loss  in  a  tri-plate  transmission  line  and 
steady  state  magnetically  insulated  charge  flow  in  coaxial 
geometry.  In  the  first  case  numerical  simulations  were 
conducted  using  a  PIC  code  to  model  the  steady-state 
behavior  of  electron  flow  in  an  applied  B  radial  diode  and 
in  its  adjacent  tri-plate  transmission  line  (TTL). 
Particular  attention  was  paid  to  the  magnitude  of  the 
electron  current  flowing  from  the  cathode  to  the  anode 
surface  in  the  TTL.  The  electron  current  flow  was 
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which  there  is  "seepage"  of  the  Bz  field  that  is  imposed  in 
the  diode  gap.  This  finding  highlights  the  importance  of 
that  region  to  diode  designers. 

In  the  second  problem  a  vectorized  FORTRAN  computer 
program  was  written  to  calculate  steady-state  electron  and 
ion  fluxes  as  well  as  radial  profiles  of  the  magnetic  and 
electric  fields  for  specific  practical  radial  diode  and 
magnetically  insulated  vacuum  feed  line  parameters.  The 
numerical  formulation  is  derived  in  part  from  the 
theoretical  treatment  of  the  topic  by  K.  D.  Bergeron. 
However,  it  differs  from  the  treatment  in  several  important 
respects  including:  a  correction  in  one  of  the  key  scaling 
expressions  a  restructuring  of  the  boundary  conditions  to 
allow  for  specific  parametric  solutions  and  a  more  careful 
consideration  of  the  regions  near  the  anode  and  cathode 
surfaces  and  near  the  electron  sheath  boundary.  In  deriving 
these  results  analytic  approximations  for  the  fields  in 
these  "special"  regions  were  developed.  These  approximate 
solutions  permitted  numerical  treatment  of  the  singularities 
there.  Matching  the  approximations  between  the  regions  also 
provided  first-order  guesses  for  the  gross  steady-state 
operating 


characteristics . 


Page  2.16 


Finally,  as  with  any  experimental  research  program 
development  of  new  diagnostics  plays  a  vital  role.  Some  of 
the  new  diagnostics  that  have  been  developed  include  a 
method  for  measuring  beam  profiles,  and  trajectories  of 
intense  ion  beams,  a  nuclear  diagnostic  technique  for 
measuring  proton  beams  and  an  inductive  voltage  monitor. 
First  a  new  diagnostic  method  of  measuring  beam  profiles  and 
trajectories  of  intense  ion  beams  as  a  function  of  time  was 
developed.  The  technique  employs  fast  photograhy  in 
conjunction  with  fast  scintillators.  Prior  to  detection, 
the  excessive  intensity  of  the  direct  ion  beam  is  reduced  by 
means  of  Rutherford  scattering.  A  time  resolution  of  a  few 
nanoseconds  and  a  spatial  resolution  of  a  few  millimeters 
has  been  achieved.  Using  this  technique  focusing  properties 
of  planar  and  spherical  pinch  reflex  diodes  have  been 
investigated.  A  low  energy  electron  beam  precursor  has  been 
detected.  A  simple  model  for  its  production  was  developed. 

15 

A  50-kJ  proton  beam  consisting  of  6  x  10  protons  with 
energy  ~5  MeV  was  inferred  from  neutron  measurements  using 
the  ^ Li (p,n)  1  Be  reaction  from  an  intense  multi-MeV  ion  beam 
generated  with  a  pinch-reflex  diode  configuration  on  the 
Aurora  generator.  In  addition,  a  carbon-ion  component  was 
indicated  by  measurements  of  nuclear  activation  induced  in 
the  aluminum  cathode. 
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Ion  beam  directed  onto  thick  LiCl  targets  produced 

neutrons  by  the  ^Li(p,n)~3e  reaction  which  has  a  threshold 

at  1.9  MeV.  Cross  sections  and  angular  distributions  for 

this  reaction  are  well  known  (1),  and  the  resultant  neutron 

energies  are  appropriate  for  time-of-f light  (TOF) 

1  2 

measurements.  Intensities  of  2  x  10*  neutrons/sr  in  the 
direction  of  the  ion  beam  were  deduced  from  Rh-activation 
counter  measurements.  Proton  energies  of  ~5  MeV  were 
determined  from  neutron  TOF  measurements  for  a  13.8-m  flight 
path  in  the  forward  direction.  This  energy  was  consistent 
with  the  measured  diode  voltage.  These  results  require  a 
beam  intensity  of  6  x  10  ^  protons.  An  average  current  of 
70  kA  was  deduced  for  the  duration  of  the  voltage  pulse. 
The  corresponding  proton  power  was  0.4  TW. 

An  inductive  voltage  monitor  was  also  developed  to 
provide  an  independent  and  more  direct  measurement  of  the 
voltage  across  the  diode.  Previously  the  diode  voltage  was 
inferred  by  correcting  the  capacitive  voltmeter  by  LI  for 
the  inductance  between  the  voltmeter  and  the  diode.  This 
inductive  correction  is  not  always  well  known  so  that  the 
new  inductive  monitor  can  provide  a  good  calibration. 

This  summary  of  the  diode  physics  research  performed 
during  the  past  39  months  highlights  the  important  aspects 
and  advances  of  the  program.  Many  of  the  details  were 
omitted  for  the  sake  of  brevity  but  can  be  found  in  the 
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• 

211*  .  Ftnltg  Axial  Ha.-netlg  Field  tfte e:i  in  ‘he  Sleg- 
♦.ran  3«flexin<  Doubla  Diode.*  ROBERT  3A RKEA  snd 

3KYKE  A.„  GOLDSTEIN,  Ja'ICCR .  —The  anode  fall  do  .hie  diode 
ccnflgurstion  baa  'been  the  abject  of  repeated  neper  l- 
aentel  and  theoretical  studies  in  the  guest  :'ar  intense 
electron  and  lan  sources.  The  slectroa  re.'iej .tj  in¬ 
herent  in  such  a  device  lends  itself  to  a  natural  «.-.- 
hanceoent  of  athervlse  space  charge  Halted  currant 
densities.  The  imposition  of  an  axial  magnetic  field 
has  been  shown  to  significantly  alter  tr.e\per:'5raance 
of  these  devices.  Computer  simulations  nave  now  teen 
conducted  to  shed  light  on  the  detailed  pnyslcs  of 
electroo  and  ion  behavior  in  these  diodes  for  imposed 
magnetic  fields  in  the  iilogauss  to  negagsuss  range. 
Particular  attention  vaa  given  to  the  possible  Impact 
of  such  fields  on  the  limits  of  the  current  boot¬ 
strapping  phenomenon  which  has  been  observed  in  similar 
reflexlng  configurations.* 

.  -i 

•  Work  performed  at  the  Sewl  Research  Laboratory, 
Washington,  D.C.  and  supported  in  part  by  the  U.S. 
Dept,  of  Energy  *  . 
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INVESTIGATION  OP  tNOUCTtVE  EFFECTS  DUE  TO  INTERNAL  0 (00E 
FLCH*.  A.T,  Jrooot,  Science  a-iqIIcs t'.ons ,  Inc.,  McLean, 
Vi.  22122 1  anc>  Sbyke  A.  loicssein,  JA'/CCR.  Alexandria. 
M.  22304 

Inductive  effects  are  important  In  treating  the  be* 
Savior  af  low  imoedance  out  sad  bower  diodes  because  dr*  • 
time  Ceoendent  internal  electron  and  Ion  flows.  Sough 
estimates,  based  on  current- -al tage  traces  from  experi¬ 
mental  data  111  ,  Indicate  that.  the  Potential  drop  across 
the  diode  due  to  internally  jCnerated  Inductive  fields 
is  a  significant  fraction  of  tneiapplied  diode  voltage. 
We  are  in  the  process  of  developing  an  Inductive  simu¬ 
lation  code  to*  treat  this  problem.  Cur  understanding 
of  the  importance  of  inductive  effects  and  progress  on 
the  nuterical  modeling  will  be  presented. 


•Wont  performed  at  the  Naval  Research  Laboratory. 
Ill 


501  '  Meltlterawatt  Pinch  kafiex  ton*blod«  Performance* 
S.  j.  STEPHANAIIIS,  J.  X.  30U.EA,  G.  LOOPEaGTEIN ,  SOTXB  A. 
SOLDSTTINf ,  3 .  D.  HINSHBLUGOOt ,  Q.  KOSHER,  W.  ?.  OLIPSAHT, 
f.  C.  TOUNC,'  Nival  Research  Laboraccrv,  Washington,  0.  C. , 
lad  1.  0.  GENUnRIO  and  J .  E.  MAENCHEN,  Physics 
international  do..  San  Leandro,  CA — Preliminary  results 
of  pinch  reflex  ion  diode  performance  on  the  PiTHQN 
jenerator  will  be  presented.  Diode  Impedance  arid  ion 
production  efficiency  results  will  be  discuseed.  Suo- 
electron-range  plastic  foil  anodes  of  100  cm?  area  and 
Hallow  cathodes  are  used  In  a  geometry  similar  to  that 
ersolayed  in  recent  NRL  GAMBLE  II  experiments  to  which 
the  tesulcs  will'ba  compared.  •. 

•Vo re  supported  by  the  U.  S.  Defense  Nuclear  Agency^ 

1 J  At  COR,  Inc.,  Alexandras,  Va  22304 

3 Si  High  Currene  Penalty  Reflex  Diode  Sraertmenc j» 

R.  A.  MECER,  3HVK2  A.  COUiSTEIN,  3.  D.  MINSHSLKJOD, 
JAtCOh.  Enc. .  and  0.  COOPESSTEIll,  Nov.,1  »  :r-h 
laboratory —  Large  atoi  ref  lax  dlouua  wi  rn  -...i-i  .r..,.. 
foils  nave  been  unoun  :u  r.ruuucc  uifiulac  u.  . .  . 

deaelcies  in  excess  uf  Chllu-Lungcuir  .  .  -  .  ! 

strong  mJgnecic  fields!'!,  tons  purclaily  rtu.rji.-i  t.a 
electron  jpuce  charge  dour  the  cathode  jnu  .11. w  in- 
:riu«l  electron  erlaslcn,  t.n  this  wav  Cne  diode  current 
■'.cetittaps"  itself  up  to  many  times  the  Culla-Lancnui r 
rjrrent  lenuicy.  by  using  a  small  cathode  arcs  reflex 
Usds  <0.02  cm?)  in  a  strong  magnetic  field  (- 30  k£'» . 
citrenc  tensities  In  excess  of  13?  A/cm-  (I~  10'*Igtw) 

Hive  been  observed!*^  cn  the  NRL  CAUDLE  I  facility 
f'l  KV,  K  300  kA) .  Iona  should  comprise  us  much  ss 
tit  of  this  current.  Experiments  are  in  progress  to 
wjiurc  electron  anJ  ion  current  fluxes  within  the  dlodt 
«.;h  eppUcatlons  to  high  specific  power  deposited  on 
•.irgets  for  Inertial  Confinement  Fusion  research. 

•lots  supported  by  li.  S.  Oapettment  of  Energy 
,1)  3.  S.  Frono,  ec  el . ,  FRL  r.  21  (1976) 

.’1  G.  Coooerstein,  ec,  eU  ,  bull.  Am.  ?hye.  Soc.  2_3 , 

•30,  (1978) .  , 


S.  J.  Stephanakis  et  al.,  Bull.  Am.  Phys.  Soc.  23, 
907  (1978):  and  also  S.J.  Stephanakis  st  al.,  1979 
!SE£  Int‘l.  Plasma  Sciences  Conf.,  Montreal,  Canada 
p.  79  (IEEE  cat.  t  79CH1410-0  NPS). 


3A5  Ion  Seam  Car,,- ration  I/terl^r,  on  ,he 
i££|I|rdtor*.  X.  a.  •irxHTTc^OOpHsTEIM1  A  T 
Vava”iJ“r“  f;wC0,'3STEI-'1  f.  3.  MOSHER,  F.  ’C.  Y0 LW, 

raw0  r  •  C.  S?E^R7,  Harry  Diamond 

"  — 1 i,'n  Clodo  has  recently  been  ins'al’ei 

on  one  arm  or  the  Aurora  accelerator.  F^rsc  exuer^enc 
have  been  performed  at  the  1.3  TW  level  (M/3  avLl^le 
power  ror  one  arm)  unj  iiave  produced  n.so  w  ai  5  k,eV 

when°the  JoTa  VO  ‘'C^r°n3  shoc  «•«  observed 
'n-il  nr  n  *'1'*3  713  Juracion  proton  beam  was 

"  V  UCi  carget.  The  diode  consisted 
n„'°  r.  fiamaCir  aylitulrical  cathode  separated  f-0«  a 
po.yethylcnu  anode  oy  -.5  cm  in  a  pinch-reflex  diode  con- 
f-juraeion.  The  diode  impedance  during  ion  acceleration 
was  ^-25  onms.  ton  production  efficiency  was  m302  This 
his!:  etficiency  (-.7  tin, as  bipolar  flow)  was  expec-ed* 

.roni  computer  simulation  of  a  high  impedance  small- 
aspect-ratio  diode(l).  The  higher  fluency  appear,  to 
drifr^  r“su-t  electron  orbit  lengthening  due  to  7a  I 
drifts  when  the  total  currenc  exceeds  the  Alfve'n  currenej 
,p  -  rha3a  e5‘Pe^®oot9  represent  an  effort  by  the  URL* 
u-ghe  Ion  Beam  Research  Croup  in  collaboration  with 
Harry  Diamond  Laboratories  to  scale  results  on  lower- 
impedance  machines  (the  JJRt  GAMBLE  II  and  the  Physics 
<l“Z  aV""0!l  machines)  (2)  to  higher  voltage  Ld 
tho^nn  f^0?*3  aC  hlSh  bea”  enersy  levels.  Although 
!‘’!uT  "  “ft:claacie!4  ■*»  less  than  on  lower  impedance 
s  Iligh-voltage  beam  can  be 

^oca^lin3^  C0CuseJ  «  smaller  spot  sizes  in  long 
.ocal  length  geometries.  Initial  pulsed-power  work  on 
c..w  uurora  acseluratwr  shows  chac  the  positive-polarity 
ope  rue -on  required  fur  beam  transport  is  pcactica' 

Power  multiplication  by  a  factor  of  5  through  a^L 
beam  bunching  uuring  transport  might  be  achieved  by 
ramping  the  diode  voltage.  Additional  energy  may  be 

of  Aurora ^  OV*tUp|,ll,»  ion  blia"^  from  the  four  arms 

ibis  paper  will  summarize  the  oresent  experi- 
mental  results.  The  next  three  papers'viU  detail 
the  tollow.ng  aspects  at  the  research  effort.  First, 
t.ie  computer  simulation  results  will  be  presented; 
second  cne  Aurora  accelerator  modifications,  acteler- 
ator  d-agnoscics  and  polarity  reversal  experiments 
j;  K1-  deScribuil:  nild  * *nallF  1  Che  ion  diagnostics 

in  JotaU*  discussions  Will  include 
-he  -nl—al  -ow  power  work  as  well  as  scaling  to 
nij^ncc  power  jtui  posiutvo  poljricy* 

Hlark  supported  by  Defense  Nuclear  Agency 
►JAY COR ,  Inc.,  Alexandria,  VA  22DOL 
^Science  Applications ,  Inc.,  McLean,  VA  22102 

Ishyke  A,  Goldstein  j:;j  Roswell  Lee,  1073  (Private 
cccnunicacion) . 

2103l'a9  7?Kr‘aklS,~— *  Bo11,  ?hys*  Soc*  li* 


jA8  Nuclear  Otagnosts  of  I  on  Yearns  from  Aurora* , 

C.  YOUNG  and  R.  A.  HF.CF.R1  ,  Sav..l  Research  Laboracorv. 

Intense  mulii-MeV  ion  beaus  have  been  genera  cad 
••'iirli  a  p mcii-ref  Lex  diode  tone igu  -at  ion  on  the  Aurora 
generator.  A  50- kJ  proton  bean  c.  nsisting  oi  6*10*° 
urotons  with  energy  —5  MeV  nas  bei  n  interred  from 
neutron  measurements  using  the  ^Li(p,n)^Be  reacclon. 

In  addition,  a  c,  rbon-ion  oomponenc  is  indicated  by 
measurements  oi  nuclear  accivation  induced  in  the 
Aluminum  cathode. 

Lon  beam:  directed  oneg  thick  Ltd  cargoes  pro- 
uiccd  neutrons  by  the  M.i  (p  ,n) '  Be  reaction  which  has 
a  taresuoiu  at  1.9  MeV.  Ccoss  sections  and  angular 
distributions  ;or  cnls  reaction  are  well  known  (1),  and 
the  resultant  r.ci  cron  energies  are  appropriate  for  tina- 
at'-tlignc  (TOF)  measurements.  Intensities  oi  2x10*- 
aeucrona/sr  in  the  direction  oi  che  ion  beam  were  deduced 
from  Rh-accivacion  councer  measurements.  Procon 
energies  oi  —5  MeV  were  determined  from  neutron  TOF 
measurements  for  a  13.3-ra  ilighc  path  in  the  forward 
direction.  This  energy  is  consistent  with  the  measured 
diode  voltage.  These  results  require  a  beam  intensity 
oi  &xL0ltl  protons.  An  average  current  of  70  kA  is 
deduced  for  the  duration  oi  che  voltage  pulse.  The 
corresponding  procon  power  is  0.4  TW. 

Oe laved  radioactivity  induced  in  the  aLumlnum 
cathode  provided  evidence  for  che  production  of  ener¬ 
getic  carbon  ions.  Qamma-ray  pulse-height  analysis  of 
che  cathode  after  beam  bombardnienc  showed  3.32-,  2.14- 
and  I  .  I  T-f’.-V  >arna  rays  with  20-min  half  -  lives.  Tills 

radioactivity  is  characteristic  of  The  most 

likely  source  for  this  activity  is  from  che 
‘'Al(12C,in)3'’mCl  reaction  (2)  which  has  a  carbon-ion 
threshold  energy  of  4.9  MeV.  Carbon  ions  of  up  to 
30  MeV  may  be  produced  in  these  experiments  by  the 
acceleration  of  multiply-ionized  acoas  from  the  poly¬ 
ethylene  anode  foil,  Ccoss  seccions  reported  for  this 
reaction(2)  have  been  used  to  estimate  that— lO*3  carbon 
ions  are  required  co  accounc  for  che  obseryed  activity 
if  che  carbon- ion  energy  is  20  MeV  (i.e.  C*T) .  If 
the  ion  r.argy  is  less  (greacer),  then  the  number  of 
carbon  to..s  is  larger  (smaller) . 

Further  experiments  with  improvements  and  refine¬ 
ments  of  these  ion  diagnostics  are  planned,  Including 
neucron  ineensicy  measurements  by  delayed  counting  o: 
Mn-foii  activations.  Also,  positive-polarity  operation 
will  allow  direct  ion  currenc  measurements  with  a 
Rogowski  loop. 

'Work  supported  by  me  Qefense  Nuclear  Agency, 

Washington,  D.  C. 

•JAYC0R,  Inc.,  Alexandria,  Va 

1.  H.  Liskien  and  A.  Paulsen,  Acomic  Data  a. id  Nuclear 
Sara  Tables  .3,  217  (1975). 

2.  I.  M.  Ladenbauer- Jell  is ,  I.  L.  Prelss  and  C.  Z. 
Anderson,  ?hys.  Rev.  125.  606  (1562) 
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ELECTR0CE  PLASMA  EVOLUTION  IN  A  MULTITERAWAT7  PINCH 
TON  DIODE* 

R.  0.  Genuario,  J.  Maenc.hen,  R.  Stringfield 
Physics  International  Company 
San  Leandro,  California  94577 

G.  Cooperstem,  0.  Mosner,  S.  Stephanakis 
Navel  Research  Laboratory 
Washington,  Q.C.  20275 

S.  A.  Goldstein 
Jaycor,  Inc. 

Del  Mar,  CA.  92014 

Recent  scaling  of  ion  production  frem  Pincn-Refle: 
diodes  to  high  power1  have  made  it  3  leading  candidate 
for  !CF  applications.  Ballistic  focusing  over  -  .3m 
has  Peen  proposed  as  a  means  of  achieving  hign  beam- 
power  density  prior  to  injection  into  a  plasma  channel 
for  transport  to  the  pellet.  For  ballistic  focusing  t« 
De  effective,  the  plasma  boundaries  of  the  anode  and 
cathode  must  evolve  in  such  a  manner  as  to  compensate 
for  orbit  bending  in  the  time-deoendenc  electric  and 
magnetic  fields  of  the  inter-electrode  gap.  Suitable 
foil  electrode  geometries  can  be  designed  only  wnen  the 
plasma  motion  (wnich  reduces  the  gap  as  the  r’ie’ds  rise 
is  known. 

A  series  of  experiments  have  been  performed  at  the 
3-5  TW  level  on  the  PITHCN  generator  using  a  Pinch- 
Reflex  ion  diode  to  investiage  electrode-plasma  motion 
holographically.  The  pulsed-ruby  laser-holograonie- 
intarferometry  system  oroduces  a  sequence  of  four  dual 
exposure  transmission  holograms.  Each  of  tne  four  . 
frames  has  an  exposure  time  of  5  ns,  with  a  separation 
variable  from  10  ns  to  ICO  ns.  The  density  range 
accessible  to  this  system  for  our  geometry  is  10^ 

-A  A)  -A 

cm  '  <  n^ <  10“  cm  .  Electrode  plasma  evolution  as 
a  function  of  radius  and  time  for  plastic  anede  foils 
i-il  1  be  presented . 

*Work  supported  0y  the  Defense  Nuclear  Agency. 

1S.  Stephanakis  et  aj_.  Bull.  Am.  Phys.  Soc.  Vol  24, 

No.  3,  (1979). 
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'•UARTZ  GAUGE  MEASUREMENTS  OF  INTENSE  PULSEb  ICN 

CURRENT  DENSITIES  FROM  A  PINCH-REFLEX  OFOOE  "N 
THE  PITHON  GENERATOR 

J.  Maenchen,  R.  0.  Genuario,  V.  3a i ley 

_ physics  International  Comoany 

San  Leandro,  California  34577 

0.  Mosher 

Naval  Research  Lcboratory 
Washinaton,  O.C.  20375 

S.  A.  Goldstein 
Jaycor 

Oel  Mar,  California  92014 

In  the  field  of  liqnt  ion  Seam  ICF,  the  shock  wave 
couoled  from  a  beam  into  a  taroet  is  an  essential  para¬ 
meter  governinq  the  imoloslon.  Standard  diaonostics 
used  to  quantify  ion  beams  durinq  the  extraction,  focus- 
inq,  and  transoort  shases  of  an  experiment  provide  pulse- 
width,  voltaoe,  total  current,  and  current  density  over 
selected  areas,  all  of  which  can  be  combined  via  a  hydro- 
dynamic  code  to  derive  the  tarqet  stress.  This  paoer 
discusses  recent  work  to  directly  monitor  the  pressure 
pulse  produced  in  an  aluminum  tarqet  loaded  by  an  ion 
beam  usinq  an  x-cut  quartz  piezo-electric  detection 
system.  This  stress  pulse  is  unfolded  with  the  aid  of 
the  PTSCES1  material  response  code  to  yield  the  local 
current  density.  Stress  profile  and  inferred  current 
density  data  for  Pinch  Reflex  diode  operation  at  5  TV- 
on  the  PITHON  qenerator  are  presented, 

The  quartz  qauqes  are  laminate  of  an  aluminum 
beam  absoroer  and  an  x-cut  quartz  quard  rinp  aauoe. 

The  diaqnostic  siqnal  extracted  is  a  direct  measure  qf 
the  shock  transmitted  from  the  aluminum  into  the  auartz. 
The  shock  slonature  may  be  oredicted  usinq  the  known  ion 
voltage,  current  history  and  focusing  qeometry  to  pro¬ 
vide  a  detailed  deposition  profile  boundary.  The  f-ee 
parameter  used  to  match  the  experimental  and  simulscVn 
waveforms  is  the  local  ion  beam  current  density. 
of  the  calculations  as  well  as  comparisons  o-  s:muli:-qn 
and  exoerimental  data  for  an  ton  beam  on  the  P17'JCN 
generator  will  te  presented. 

•Work  supported  by  the  Cefense  Nuclear  Agency. 

^ISCES™  1DL-Rhy$ics  International  Co.  reaistered 
trademark. 


~lCo  Pinch  Reflux  Tow  Diode  Performance  at  3-5  TV*. 

3.  COCPERSTEIN,  j. JCLLER,  SHYKE  A.  GOLDSTEIN1' ,  D. 
nos  HER,  W.  ?.  OLIPHANT,  3.  J.  STEPHANAXIS,  ?.  C.  YOUNG 
Naval  Research  Laboratory.  Washing  con,  0.  C.  and 
R.  D.  GENl’ARIO  and  J.  E.  MAENCHEN,  Physics  Incemation 
Co. ,  San  Leandro,  CA  —  Pinch-Reflex  diodes  of  100  ca^ 
area  have  recently ^ »^7produced  .7  MA  currencs  of  1.3 
procons  using  the  NRL  GAMULE  II  device  at  1.5  TV  and 
1  MA  of  2  MV  procons  and  tieucerons  using  the  Physics 
International  Co.  PITHON  generator  ac  3  TV.  Ongoing 
experiments  on  PITHON  are  being  scaled  to  the  5  TV  leve 

Ac  3  TV,  more  chan  100  kJ  of  ion3  were  extract! 
from  12  cm-diamecer  planar  anode  rolls  wich  502  power 
and  energy  efficiency.  3eam  pulse  durstions  of  100  ns 
were  obtained  '.ri ch  anode-cathode  gaps  i3  mm  and  anode- 
cachode  transmission  foil  gaps  si  cm.  Curving  the  ano< 
plane  to  a  spherical  section  with  a  12.7  cm  radius  of 
curvncure  did  not  diminish  the  ion  currenc.  In  both 
cases,  diode  impedance  was  controlled  to  m  0.05  £1  by 
varying  the  anode-cathode  gap.  This  Impedance  control 
with  die  observed  small  gaps  indicates  that  programmed- 
voltage  waveforms  far  ion  beam  bunching  during  transpoi 
and  sophisticated  focusing  geometries  can  be  employed. 

Preliminary  results  of  scaling  the  diode 
beiiavior  to  bach  hinder  power  (up  to  5  TW)  and  smaller 
cathode  areas  (25  cm*)  as  well  as  preliminary  focusing 
results  will  be  presented.  Resulcs  will  be  compared 
to  theoretical  predictions  and  requirements  lor  pellet 
fusion  systems. 

’Vnrk  supported  by  che  U.S.  Defense  Nuclear  Agency 
'J.ufV't,  luc.,  Alexandria,  VA  22304 

*0.  C.nvurscein,  S.  A.  Goldscein,  D.  Mosher,  W.  ?. 
dllp.iinc,  F.  L.  Sandel,  S.  J.  Stephanakls  and  F.  C. 
Young,  Proc.  Jed  International  Topical  Conference 
on  High  Power  Electron  and  Ion  3eam  Research  and 
T i o!m? 1 opy ,  1-6  July  1979,  Novosibirsk. 

*b.  J.  .i  .ihanaKls,  J,  R.  Holler,  G.  Coooerstein 
S,  A.  Goldstein,  !3.  D.  Hlnshelwood,  D.  Mosher, 

V».  7.  fUiphant,  F.  C.  Young,  R.  C.  Genuario  and 
i.  P. .  Mai-nchen ,  hull.  Am.  Phys.  .Soc.  24..  1031,  1979. 
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4C9  Ion  Production  from  Small-Area  ?inch-Re  { lex 
0 lodes*.  S.  J.  STEPHAliAKIS ,  G.  C0<  92RSTE1N ,  D.  MOSHER, 

W.  F.  QLIPHANT  and  ?.  C.  YCL'NG,  N;  val  Research 
Uboracury,  and  SHYXE  A.  COLDSTSI.’.,  JAYCOR.  Inc.  — 

Proton  and  deuceron  beams  are  produced  wich  greater 
than  50"  efficiency  when  Pinch-Reflex  diodes  are  driven 
by  the  mulciterawacc  NRL  GAMBLE  II  and  Physics  Inter¬ 
national  Co.  PITKON  generators.^'  In  these  experiments, 
diodes  wich  aspect-ratios  of  15-20  operate  at  1-2  ohm 
impedance  levels  which  are  well-iaaccned  to  the  genera¬ 
tors.  Ion  currents  of  abouc  1  MA  are  extracted  from 
the  100  anode  areas  employed. 

□lodes  operating  ac  somewhat  higher  Impedance 
levels  may  be  more  appropriate  for  inerciai-confinemenc- 
fusion  systems  beesuse  of  greater  ease  in  focusir.3  a 
large  number  of  ion  beams  to  the  pellet.  In  the  Sandia 
Laboratories  PBFA  I  system,^)  modular  vacuum-trans¬ 
mission  lines  which  transport  energy  at  1  TV  in  each  of 
26,  4  fl  ,  30  ns  generators  may  be  individually  termin¬ 
ated  in  ion  diodes.  In  order  to  minimize  the  distance 
between  the  various  diodes  and  the  pellet,  diodes 
employed  should  not  exceed  abouc  5  cm  in  diameter. 

3eams  extracted  from  such  smaller  diodes  may  also  be 
easier  to  focus  into  z-discharge  transport  channels^' 

In  order  to  obtain  ion  beam  bunching. 

Vlth  these  considerations  In  mind,  Che  CAMPLE  IX 
generator  was  used  to  drive  6  cm  diameter  Pinch-Reflex 
diodes  at  the  1  TV  level.  The  geometry  employed  was 
a  faccor-of-cwo  scale-down  in  diameter  from  diodes 
previously  discussed.  Electrode  gaps  were  adjusted  to 
lower-aspect  r3Cio  (•'-6)  to  provide  diode  operation  in  the 
3-5  ohm  range.  lon-oroduccion  performance  is  discussed 
for  several  diode  configurations.  Results  are  compared 
to  experiments  wich  iarger-area  diodes  and  co  theoretical 
predictions. 

•Work  supported  by  the  Oeparcmer.c  of  Energy 

IStephanakis ,  3.  J.  at.  _al,  Suil.  Am.  Phys.  Soc.,  24 , 

(3)  Oct.  1979. 

2fona3,  G.  et  el,  Proc.  3rd  International  Topical 
Conference  on  High  Power  Electron  and  Ion  80am  Research 
and-  Technology  3-6  July  1V70,  Novosibirsk. 

^Mosher,  □.  et  al,  ibid. 


3A6  Numerical  Simulation  of  Ion  Production  from  the  . 
Aurora  Diode*.  A.  T.  OR08OT,  S.  iciice  Anollc3Cions .  Inc., 
McLean,  VA  22102,  R.  J.  dARKER  and  SKYKZ  A.  GOLDSTEIN, 
JAYCOR.  Alexandria,  VA  22304  —  This  paper  will  presenc 
the  physical  interpretation,  bused  on  numerical  simula¬ 
tions,  of  the  small-aspecc-rac:  o  diode  used  in  cue 
recent  experiments  at  the  Auroi  a  facility.  Modeling 
the  geometry  used  in  the  actual  experiuiuutu  and  —isuming 
a  diode  voltage  chat  varies  from  2  co  5  MeV,  the  numeri¬ 
cal  simulation  predicts  an  electron  current  of  220  u\ 
and  an  ion  current  >60  kA,  at  S  MfcV,  in  good  agreement 
wich  the  experimentally  observe!  values.  The  ion 
efficiency  obcamod  in  che  simulation  exceeds  sipalac 
Child-Langmuir  by  a  factor  of  —7.  The  purpose  ot  the 
.simulation  was  co  investigate  che  details  of  ion  ana 
electron  flow  and  co  identify  the  mechanisms  rasponsiule 
for  the  enhanced  ion  efficiancy  as  a  function  oc  rising 
voltage  in  chis  high  Impedance  diode.  The  prolonged 
electron  llfeclme  in  the  anode-cathode  gap,  which  is 
responsible  for  the  high  ion  efficiency,  may__be  due  co 
magnetic  or  aleccroscacic  reflexing,  and/or  73  electron 
flow. 

The  electron  flow  in  the  diode  used  on  Aurora 
has  been  simulated  ac  several  volcages  cr  obcain  infor¬ 
mation  about  che  early  field  structure  cc  determine 
how  che  anode  plasma  is  generated  ac  the  cefluding  toil. 
The  possible  mechanisms  are  heating  of  1.1c  roil,  :  lusti- 
over  due  co  electric  field  strength,  or  I  Ushuvur  due 
to  embedded  charge.  The  simulations  Indicate  ch.»c  taut'e 
is  a  factor  of  ~  1.5  difference  in  the  diulu  ii..pedanoc 
for  pure  eleccron  flow  when  che  foil  is  ron-uunducting, 
1-92  kAac  5  MeV,  and  when  che  foil  is  conducting, 

1-145  kA. 

To  generalize  these  studies  to  ot.hor  high 
impedance  diodes,  Z  —  5  ohms,  we  shall  also  be  reporting 
the  results  of  diode  configurations  wich  aspecc  rjcio, 
ranging  from  R/d-1,  as  on  Aurora,  co  r/d-10.  iucauuu 
che  ion  efficiency  and  beam  quality  are  two  iruoorean: 
aspects  in  considering  high-iaroedance-ion-dioda  sources 
for  inertial  confinement  fusion  applications  we  snail 
also  discuss  methods  for  improving  che  efficiency  of  ion 
production  and  maintaining  nigh  beam  quality. 

*Uork  performed  ac  the  Naval  Research  Laboratory  and 
partially  supported  by  the  Defense.  Nuclear  Agency  and 
che  Department  of  Energy. 

lR.  A.  Meger,  G,  Cooperscein,  A.  T.  Droboc,  Shyku  A. 
Goldstein,  D.  Mosher,  F.  C.  Young,  S.  S.  C :<i.. 

G.  A.  Huctlin,  K.  G.  Stewart,  "Ion  3eam  Genur.ii  1 .  .1 
Experiments  on  che  Aurora  Accelerator",  (sr:e  c 
proceedings) . 


3  [  5  Exoerlsiunc.il  -~:udv  of  the  Pinched  Beam  Ion  Diode* 
F .  u.  SaSDEL,  JaYDuR,  Inc.,  Alexandria,  VA  22304  —  An 
extensive  uxperl.ionlal  study  or  the  pinched  beam  ion 
a  code  has  been  reported1-.  This  Included,  among  ocher 
top  tux,  clie  mechanisms  oc  anode  plasma  formation  and 
the  effect  of  anode  composition  on  the  ion  yield,  diode 
isipedJiice. behavior,  Ion  beam  reproducibiii ty  and 
fscustbllity.  Furthermore,  ooncrol  of  Che  diode 
impedance  to  establish  voltage  ramping  and  beam  bunching 
was  demons  crated .  In  order  Co  apply  chesa  devices  as 
lignc-ion  ICF  drivers  the  emitted  ion  beams  and  their 
'eenavior  during  subsequent  propagation  and  focussing 
must  be  understood  in  more  decal!.  In  particular,  to 
ostein  good  focussing  and  efficient  injection  inco  beam 
transport  systems,  a  detailed  knowledge  of  cha  magnetic 
structure  of  che  beam,  both  radial  and  axial,  is 
required.  The  fields  change  substantially  as  the  beam 
undergoes  magnecic  neutralization  in  gases  or  focuses 
eit.iec  ballisclcally  or  due  to  self  magnetic  fields. 

Also,  the  field  structure  necessarily  depends  on  cha 
distribution  of  ion  yield  at  the  anode  plane. 

Experiments  have  been  conducted  on  che  GAMBLE  I 
accelerator  in  which  moderace  (jf  40  kA  net  currenc)  ion 
beams  are  extracted  from  hollow  caChodex  and  allowed  to 
propagate  in  conducting  drift  tubes.  Situations  studied 
inciuue  propagation  in  vacuum,  through  ion  cransmiccing 
foils  separating  Che  diode  and  vacuum  drift  regions  and 
through  ion  transmitting  tolls  separating  the  diode  from 
a  gns-fiiied  drift  region.  The  net  currenc  in  the 
oropagacing  beam  was  measured  with  an  axial  array  of 
mg n  speed  current  sensors.  Locally,  che  beam  was 
samoled  with  biased  ion  collector  probes.  The  effect  of 
axially  movable  return  currenc  planes  on  che  axial 
iistricucion  of  net  currant  was  studied.  Additionally , 
::;o  rcuiai  magnetic  scr-cture  of  tne  beam  was  scudiea 
with  an  array  of  magnecic  probus.  In  this  way  che 
degree  of  local  beam  current  neutralization  and  che 
distribution  ot  beam  return  current  was  determined, 
experiments  are  in  progress  to  determine  che  spatial 
distribution  of  the  ion  yield  on  the  anode  and  che  ion 
species  presenc.  Progress  in  these  3reas  wi*i  also 
be  reported. 

» o r '<,  performed  at  the  Naval  Research  laboratory  and 
supported  by  the  Department  of  Energy. 

1E.  L.  Sandel,  Proc.  IEEE  Conference -on  Plasma  Science, 
June  1979 ,  MoncrtsuL,  Cunada. 


AC3  Computer  S.. eolations  of  a  Magnetically 
Insulated  Racial  1  ■.  :ce  ,  ?. .  J .  3AJU<EA  and  Snyxe  A. 
GOLDSTEIN,  j  AT COR ,  Alexandria,  VA  and  A.  DRG3CT, 

■  Science  Apollcacl-.-ns ,  Inc..  McLean,  VA. 

Experiment  ...  investigations!  have  been 
performed  on  the  e  of  a  racially  configured  diode  as 
an  azimuchaily  syv. .-.eerie  source  of  light  ions  for 
inertial  confinemr.  c  fusion  applications.  This  group 
has  conducted  computer  simulations  on  a  typical  radial 
geometry  In  order  to  attempc  explanations  of  the  various 
observed  phenomena.  In  particular,  possible  mechanisms 
thac  affect  magnetic  insulacion  of  electron  flow  and 
change  the  ion  production  efficiency  have  been  ex¬ 
amined.  These  questions  hinge  on  che  benavior  of 
electron  flow  inco  and  within  the  radial  gap.  In  this 
connection,  che  detailed  structure  of  the  imposed  and 
self-magnetic  fields  can  cricically  modify  the  overall 
operating  characteristics  of  the  device.! 

The  numerical  simulation  code!  employed  for 
these  studies  is  24-D  (r,z)  parcicie-in-celi  (PIC)  and 
creacs  the  pcocon  and  electron  macroparticles  in  a 
fully  relativistic  manner.  Using  a  quasi-steady  state 
approach,  che  fields  are  taken  as  E  *  -  7<>  and  3  •  7xA. 
Poisson' 3  equation  yields  w  and  A9  respectively  from 
o  and  Jj,  while  B^  i3  found  directly  through  radial 
Integration  of  Ampere’s  Law  over  Che  mesh.  This 
eleccrostacic  and  magnecoscacic  field  solving  is 
accomplished  over  an  irregularly  bounded  region  through 
the  application -of  a  capacitance  matrix  technique. 

These  simulation  studies  have  focused  on  che 
coupling  of  electron  flow  from  iarge  radii  in  the 
vacuum  feed  Inco  che  radial  diode  gap  Itself.  This 
would  seem~co  be  an  attractive  mechanism  for  enhancing 
electron  space  charge  and  thus  Ion  emission  in  che  gap. 
The  characteristics  of  this  electron  flow  were  found  to 
depend  critically  on  the  structure  of  the  high  azimuchal 
and  axial  magnecic  fields  presenc  in  the  feed  and  in 
che  gap.  As  a  test  case,  a  cachode  shank  radius  of 
5.0  cm  was  chosen  with  an  anode  collar  Inner  radius  of 
5.3  cm  (i.e.  -  a  0.5  cm  radial  gap).  The  gap  length 
was  6.4  cm  wniio  the  vacuum  feeds  were  taken  as  1.0  cm 
wide  and  were  modeled  out  to  a  radius  of  10.0  cm.  An 
insuiacing  3Z  of  20  kG  was  imposed  uniformly  between 
the  radii  of  5.0  and  5.5  cm  and  was  forced  to  decay 
linearly  to  zero  at  R  ■  6.5  cm.  For  such  a  geometry 
with  a  potential  difference  of  2  MV  che  vacuum  feed 
electrons  were  noc  seen  to  enter  the  gap.  Insceac,  net 
electron  curro.ncs  of  about  2.5  MA  were  observed  in 
the  gap  boch  for  cne  case  with  as  well  as  for  the  case 
withouC  electron  emission  in  the  vacuum  feed. 

*ii'or<  performed  jc  the  U.  S.  Naval  Research  Laboratory 
and  supported  In  part  by  che  U.  S.  Department  of  Energy. 

1.  0.  J.  Johnson,  Recenc  Light  Ion  Seam  Production  and 
Focusing  Experiments,  APS  Plasma  Physics  Division 
Meeting ,  12-16  Nov  1979,  Boston,  MV. 

2.  R.  J.  Barber  and  S.  A.  Goldstein,  Finite  3,  Effeccs 
on  Currenc  Boocscrapplng  in  the  Electron  Retiexing 
Diode,  .APS  Plasma  3hvslcs  Division  Meeting,  12-16  Nov 
1979,  Boston,  MA. 

3.  Robert  J.  Barker,  Shyke  A.  Goldstein,  and  Roswell 
Lee,  24  Dimensional  Numerical  Simulations  of  Currenc 
Bootstrapping  in  the  Electron  Retiexing  Diode,  IEEE 
International  Conference  on  Flasm.a  Science.  4-6  June 
1979,  Moncreal,  Canada. 
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’work  supported  by  the  Defense  Suclear  Agency. 


4F  9  loo-Olode  Experiments  In  aosltlve  °olarlty  on 
Aurora.*  r.C.  t  tiNG ,  R.A.  w£G£RT,  O.P.  BACCNt,  j.j. 
COHOCN.  G.  COOR&RSTEIn,  S.A.  G0LQS7E I N+,  0.  MOSHER,  Naval 
Research  tap..  S.£.  GRAYS  ILL.  G.A.  HU7TUN.  <.3.  ffgwrS, 
A. 5.  STEWART,  O.A.  WHITTAKER,  R.  3,'XBr,  M.S.  LITZ.  war^y 
Diamond  Lab..  and  C.W.  uEnCEL,  Sane  I  a  National  Lad. — the 
nRl  I i gnr- ion-beam  research  grouo  was  continued  Aurora 
experiments  In  conjunction  with  nOL.  Negative-polarity 
experiments1  have  Seen  extended  ro  positive  polarity  to 
allow  diagnosis  of  Ion  seams  with  a  Rogowskl  coll,  ion 
currents  of  up  to  70  hA  nave  oeen  measured  at  diode 
voltages  of  4  MV  for  o- duration  of  150  ns  <P«tM>.  These 
results  ara  consistent  with  measurements  of  neutrons 
produced  by  the  lll(p,n)'3a  reaction.  The  Ion  power  of 
a.J  TW  is  1/4  of  that  delivered  to  the  dlooe  in  these 
experiments.  Wltn  the  use  or  plasma  erosion^ swl tches. 
Increased  Ion  production  was  measured  for  A-<  gaps  as 
small  as  2  cm.  ion-oaem  production  was  ooservea  to 
double  as  The  A-K  gap  was  reduced  from  5  to  2  cm. 

•Work  supported  by  the  defense  Nuclear  Agency. 
tJAYCOR,  Inc.,  Alexandria,  VA. 22304 
tSee  abstracts  2A5  thru  2A8  in  l£EE  Inter.  Conf.  on 
Rlasma  Science,  Madison,  Wl,  I960,  p,  58. 


4F  10  Olode  GuOw<arrv  Effects  on  tne  Aurora  Ion  Qlode.* 
R.A.  MEGcRf .  A. 7.  CROoJTf ,  SRtXE  A.  OOLDSTEIflt,  and 
F.C.  YOUNG,  Maval  Research  Laboratory. —A  high-impedance 
lon-dlode  experiment  is  in  progress  on  the  Aurora 
generator,'  ProTon  beams  of  up  fo  70  kA  neT  current  and 
V  <  3  MV  have  been  generated  using  smal 1-aspect-raTlo, 
azlmuthally-syirniefrlc  ion-olode  configurations.  Scaling 
of  the  Ign-beam-ganerarlon  efficiency  with  tne  aspect 
ratio  will  be  presented  and  compared  with  theory.  > 
Variations  on  the  dlcJe  geometry,  sucn  as  the  imposition 
of  small  magnetic  fields'  or  radial  electric  fields,  can 
result  In  Increased  Icn-genaratlon  efficiency.  >n 
addition,  non-pianar  focusing  anodes  may  affect  the  Ion* 
beam  density  distribution.  Prelt.vlnar/  results  of 
experiments  with  sucn  diode  variations  will  be  compared 
to  computer  simulations. 

•WorK  supported  by  the  Defensa  Nuclear  Agency. 
tJAYCOR,  Inc.,  Alexandria,  YA  22204 
f5clence  Applications,  Inc.,  Mctean  VA  22102 
Ip.C.  Young,  at  al.,  sew  aosrract  this  conference. 

2R.J.  Barkar  and  ahyno  A.  Goldstein,  see  3Dsfract  This 
conference. 


4F  !  1  Numerical  Slmulatl.  or  ^n  Bene  P'-CJuz rlcn  In 
Positive  aq  lari  tv  .  *  A.  7.  -.BCT,  2c  1  mce  *  he  I  i  ca  t  ■’  on  s . 
Inc..  R.A,  m£G£R  and  iRYKE  A.  GOLOwTEi'I,  . 

Results  of  numerical  slmul-Mcns  corrisponc1  .]  to 
NRL  experiments  at  ■'he  AURORA  facility  will  be  ro.:c"ed. 
The  C3ses  considered  ara  virlarlons  af  the  a i nch-. at ' Jv- 
aloda  configurations  run  In  positive  polarity.  These 
Include  focusing  geomerry,  racial  electr'c  field  flux 
compression,  and  partial  turn  on  of  tne  anojo  olasma. 

The  results  will  pe  ccmnared  to  experimental  data  and 
contrasted  wlTh  previous  fheoreTlcol  work  for  negative 
polarity. 

•Work  Supported  by  the  Defense  Nuc  ear  Agency  ana  the  '  , 
0»par*menT  of  Energy  as  pert  of  fie  naval  Research 
Laboratory  Light  Ion  Beam  Program. 


4F  12  Haematic  Insulation  In  Ax  ,al  Dloda«.« 

R.J.  BARXSA  And  SKYKS  A.  GOLDSTEIN,  JAYCCR.  —High  Imped¬ 
ance  axial  diodaa  (5-25  71)  ar*  under  development  as 
light  ion  sources  for  use  with  the  AURORA  pulsed  power 
generator.  Thu*  Sac,  the  observe!  ion  production 
efficiencies  of  these  devices  have  fallen  far  short  of 
their  low  impedance  (1-2  P» }  pinch-reflex  axial  diode 
predecessor*.  It  ha*  been  suggested  that  the  intro¬ 
duction  of  some  degree  of  aagnecic  insulation  of  the 
electron  flew  in  the  axial  A-<  gap  could  result  in  a 
significant  Increase  in  electron  apace  charge  near  the 
anode  enhancing  the  net  ion  amission.  This  technique 
has  proven  extremely  successful  for  producing  high  ion 
efficiencies  (>  3C%)  in  the  radial  diodes  tested  at 
Sand la  Laboratories.  Theoretical  and  numerical  studies 
of  the  magnetically  insulated  radial  diode  have  isolated 
the  key  elements  responsible  for  its  high  efficiency. 
Present  studies  are  focused  on  how-  these  eleaents  can 
be  incorporated  into  axial  diode  geonecrlee.  Numerical 
simulations  of  possible  configurations  are  being  con¬ 
ducted  with  the  2h-D  quasistatic  DICCE2D  PIC  code. 

•Work  supported  by  the  Defense  Nuclear  Agency  and  the 
Department  of  Energy  as  part  of  the  Naval  Research 
Laboratory  Light  Ion  Beam  Program. 


ION  BEAM  EXPERIMENTS  CM  THE  AURORA  GENERATOR 


P.  C.  Young  and  R.  A.  Meger* 

Naval  Research  Laboratory 
Washington,  DC  2C375 


The  operation  of  an  ion  diode  on  one  arm  of  Aurora  has  been 
recently  studied  experimentally  and  theoretically  by  the  NRL  Light 
Ion  Beam  Research  Group  in  collaboration  with  Harry  Diamond  Labora¬ 
tories.  Experiments  at  1.2  TW  (into  an  under-matched  diode  with  the 
Marx-charging  voltage  reduced  to  SO  kV)  have  produced  40  3c J  of  5  MeV 
protons  with  ~  30%  efficiency.  These  experiments  represent  an  erfor 
to  scale  results  from  the  lower-impedance  NRL  GAMBLE  II  and  Physics 
International  PITKON  mchines  to  higher-voltage  and  higher-impedance 
diodes.  Analysis  of  proton  and  carbon-ion  beams  by  nuclear  techr.iqu 
will  be  described.  Other  experimental  and  theoretical  results  will 
summarized. 


.  *JAYCOR,  Inc., 


Alexandria,  VA  22304 


5  Cgmoutaf.  ji’.al  Studies  of  a  Radial  Pi nch-Ref lex 
; , - je . »  ~5  i  RA-elRf .  and  SHYKt  A.  GOLDSTEIN!,  Naval 
-TTaaoch  Laboratonv  -  -  The  low  impecance  axial  pincn- 
rjrtix  aiooe  as  well  as  tne  magnetically  insulated 
racial  diode  nave  loth  proven  to  be  extremely  efficient 
sources  far. intense  llgnt  ion  beams.  Typically, 
seventy  to  ninty  percent  of  the  power  passing  through 
tnese  oicdes  is  i,  parted  to  tr.e  ion  oeam.  Computer 
simulations  nave  teen  initiated  on  a  new  diode  concept 
which  combines  NHL ' s  pinch-reflex  chencmenon  with  a 
radial  geometry  compatible  with.Sandia  National 
Laboratories'  ?3fA  !  pulsed  power  generator.  In  this 
radial  PRO,  an  arade  foil  forms  a  cylindrical  band 
completely  surrounding  tne  cathooe  shank.  Electrons 
reflexing  thrauan  the  anode  fail  plasma  enhance  ion 
emission  tnere  wniie  prolonging  tneir  own  lifetimes 
In  the  A-<  gap.  The  equatorially  focused  ion  flow  Is 
tnen  ball istl cal ly  directed  towards  a  target  on  the 
diode’s  central  axis.  These  simulations  are  being 
conducted  with  tne  PRENAS  computer  code,  the  follow- 
on  to  NRL's  DI0CE2O. 

•Worn  supported  by  the  Department  of  Energy 
TJAKCOR,  Inc.,  Alexandria,  VA  22304 


4E6  Ion  Source  Brightness  of  Pinch  Reflex  Diodes.* 
a.w.  STtrHANAKlS,  SHYKE  A.  GQLlSTi'tlf ,  i.r[  OTuNGtA* , 
3.  NOSHES,  Naval  Research  Laboratory  —  Experimental 
results  on  the  NRL  Gai.iola  U  generator  indicate  that 
Intense  lignt  Ion  beams  exiting  pinch  reflex  diodes, 
possess  power  brightness  ?3  •  approacnlng  10*3 

watts/cn^,  where  5  is  the  Ion  power  density  and  <A0> 
the  mean  angle  of  divergence  of  the  tons  produced  at  a 
given  point  on  the  anoca  surface.  Source  brightness 
limitations  are  associated  with  undulations  of  the 
anooe  olasma  surface  and  fiiamencation  of  the  elec¬ 
trode  plasmas  3nd/ur  the  vacuum  flow  In  the  diode.  In 
addition,  oeam  focusaoilfty  is  affected  by  lack  of 
brigntness  due  to  time-dependent  magnetic  bending  of 
the  ions  in  the  diode.  All  tnese  effects  nave  seen 
stuoted  experimentally  3nd  theoretically.  The  results 
of  this  study  will  oe  presented. 

• 

worn  supported  by  the  Defense  Nuclear  Agency  and  the 

Department  of  Energy 

fJA/CCR,  Inc.,  Alexandria,  VA  223C* 


1C1  Aurora  Modifications  far  Positive  Polarity  Ion 
Diode  Operation.*  J.  A.  ROLLER,  J.D.  SHIPMAN,  Jr.1. 

J.  X.  BURTON >  ,  C.  COOP:  . '.STEIN,  R.  A.  MEGER*  ,  Naval 
Research  Laboratory  ana  G.  A.  HUTTLIN,  A.  G.  STEWART, 
Harrv  Diamond  Laboratories  —  One  of  the  four  arms  of 
the  Aurora  generator  i-  being  modified  to  enhance  Its 
usefulness  in  support  of  the  NEU.  Light  Ion  3eam  Program 
while  retaining  the  capability  of  being  recurned  to  ies 
original  configuration  for  use  as  a  bremsscrahlung- 
source.  The  goal  of  the  modification  is  to  maximize  the 
peak  electrical  power  that  could  be  extracted  from  one 
arm  of  Aurora  operating  in  positive  polarity  and 
delivered  to  a  5— 10  Ohm  ion  diode  load.  The  present 
configuration  consists  of  a  22  Cl  oil  insulated  31ualeln 
in  series  with  a  segmented  Insulator  vacuum  cube  and  a 
7  a  long  47  .1  vacuum  coax  with  either  an  ion  diode  or 
35  *2  bremsstrahlung  load  at  its  output.  The  main  change 
chat  will  be  made  co  accomplish  this  goal  is  the  removal 
of  5  meters  of  vacuum  coax  to  allow  the  ion  diode  to 
operate  near  the  tube.  Preliminary  power  flow  studies 
using  a  transmission  line  code  indicate  that  this  will 
both  improve  the  efficiency  of  power  flow  into  the 
relatively  low  impedance  ion  diode  load  and  will  produce 
a  voltage  ramp  for  bunching.  Also,  it  will  alleviate 
mny  of  the  electron  emission  problems  associated  with 
the  operation  of  the  long  magnetically  insulated  vacuum 
coax  in  positive  polarity.  This  shortened  vacuum  feed 
along  with  plasma  erosion  switches  at  the  load  will  lower 
the  peak  inductive  volcage  across  the  tube  insulator  thus 
helping  to  reduce  flashover  problems  in  positive  polarity. 
Resistive  and  possibly  capacitive  grading  of  the  insul¬ 
ator  is  also  being  studied.  To  facilitate  monlcorlng 
of  voltages,  currents  and  other  diagnostics  located 
on  the  center  conductor  of  the  vacuum  feed,  a  40  juH  coil 
will  be  installed  in  the  oil  just  after  the  prepulse 
switch  for  the  purpose  of  carrying  the  signal  cables 
from  the  center  conductor  to  the  outer  conductor.  This 
shunt  inductance  is  calculated  co  reduce  Che  peak  power 
of  Che  one  arm  by  only  92.  Experimental  results  will 
be  presented  and  compared  with  power  flow  calculations 
co  analyze  che  effects  of  che  modifications.  Possible 
additional  modifications  for  further  increasing  power 
flow  efficiency  and  reducing  the  maximum  volcage  stresses 
on  tne  cube  insulator  will  also  be  discussed. 


*Work  supported  by  the  Defense  Nuclear  Agency 
^achry'Freeman  Associates,  Inc.,  Sovle,  HD  20715 
,JATCOR,  Inc.,  Alexandria,  VA  22304 


1 C2  Modified  Aurora  Icn-Oioda  Experiments*  R.  A.  MECERt, 

F.  C.  YOUNG,  A.  T.  DROu'jT^  R.  J ,  3ARKERr ,  J  .  J.  CONDON, 

G.  COOPERSTEIN,  SHYKE  A.  GOLDSTEIN* ,  Naval  Research 
Laboracorv  and  R.  3 IX BY ,  G.  A.  HUTTLIN,  K.  G.  KERRIS, 

3.  A.  WHITTAKER,  Harr/  ila.Tiond  Laooratorles. 

The  production  of  incense  light-ion  beams  on  Che 
high  impedance  Aurora  accelerator  is  being  scudied  as  a 
potential  driver  cor  inertial  confinement  fusion.  In  the 
past,  measurements  of  proton  beams  from  various  ion 
diodes  have  been  made  with  the  accelerator  operating  in 
boch  negative1  and  posccive-  polarity.  3ased  on  the 
success  of  these  experiments,  the  transmission  line  of 
the  accelerator  is  being  modified1  to  Increase  power 
delivery  to  the  ton  diode  in  positive  polarity. 

Positive  polarity  experiments  to  dace  have  produced 
ion  beams  vich  net  currents  of  S  70  RA  out  of  ~  2C0  kA 
tocal  diode  current  at  procon  energies  of  a  2  MeV.  The 
peak  procon  currenc  has  been  shown  to  follow  a  simple 
reflex  diode  scaling-*  of  Ii/te  ~  _Me  (y-U/lKi R/^eff 
where  Me  and  are  the  electron  and  ion  masses,  y  Is 
the  relativistic  factor  for  electrons,  R  is  cha  cathode 
radius  and  Dar-f  13  Che  effective  anode-cathode  gap 
allowing  for  plasma  closure.  Experiments  have  shown 
that  diode  operation  Is  sensitive  to  the  presence  of  a 
prepulse.  Plasma  erosion  switches  and  flashover  pre¬ 
pulse  suppressors  have  been  used  to  divert  the  acceler¬ 
ator  prepulse  from  che  ion  diode  and  to  sharpen  the 
risecime  of  the  main  volcage  pulse  at  the  diode.  In 
chis  manner  anode-cathode  gaps  as  small  as  2  cm  have 
been  used  withouc  gap  closure  during  che  150  nsec 
voltage  pulse. 

In  this *paper,  the  new  ion-diode  geometry  will . 
be  described;  the  results  of  corapucer  simulations  oc 
the  diode  operation  based  on  chis  geomecry  will  be 
shown;  and  preliminary  experimental  results  with  the 
modified  accelerator  and  new  diode  geomecry  will  be 
presented.  . 

*Wor:<  supported  by  the  Defense  Nuclear  Agency 

^  JAY COR,  Inc.,  Alexandria,  VA  22204 

"Science  Applications,  Inc.,  McLean,  VA  22102 

•R.  A.  Meger,  ex  al,  IEEE  Conference  Record-Abstracts, 

*930  -ncernacional  Conference  on  Plasma  Science  •: 
^Madison,  Wisconsin,  p.  53. 

*F.  C.  Young,  et  al,  3ull.  .Am.  Phys .  Soc.  25,  399 
C9d0).  — 

Sea  J,  g.  Boiler,  a_c  a_l,  these  proceedings. 

-Shyka  A.  Goldstein  ar.u'.<.  Lee,  PRL  _25_,  1079  (1975). 


1C9  Effects  of  Conducting  Anode  Rings  on  Pinch  Reflex  j 
Diode  Behavior.  *  ,  S.J.  Si'EP'.UNAKIS ,  R.J.  BARKER"  , 

S.A.  CGL3STEINr,  W.F.  Of.IPHANT,  Maval  Research 
Laboratory  —  The  pinch  reflex  diode  consists  of  a 
hollow  cathode  anu  a  chin-dielectric,  free-standing, 
foil-anode.  The  electrons  from  the  cathode  impinge  on  • 
the  anode  foil  and  proceed  to  pinch  predominantly 
radially  onto  che  diode  axis  after  reflexing  several 
times  through  che  anode  foil.  For  this  pinching  process 
to  occur,  che  presence  of  an  anode  plasma  i3  required. 
This  plasma  is  provided  by  che  surface-flashing  and/or 
heaclng  of  che  anode  foil.  This  plasma  is  also  the 
source  of  incense  beams  of  ions  (usually  protons)  which 
can  carry  a  significant  fraction  of  che  tocal  diode 
currenc  for  large-aspecc-racio  diodes.1 

We  will  report  on  a  modification  to  the  "standard" 
diode  which  generally  improves  it3  performance  and 
increases  its  ion  production  efficiency  for  a  given 
diode  impedance.  The  modification  consists  of  covering 
Che  anode  foil  with  a  conducting  annulus  which  has  an 
inner  diameter  slightly  smaller  than  the  inner 
diameter  of  the  cathode.  The  annulus  (cyplcally  Ta  or 
Al)  is  thin  compared  with  the  electron  range  and  is 
not  electrically  connected  to  the  machine  inner 
conductor.  Experimental  observations  of  diode 
operation  tot  such  a  configuration  Include: 

(1)  Becter  symmecry  of  pinching  and  more  reliable 
centering, 

(2)  Significant  increase  la  impedance  for  a  given 
anode-cathode  gap, 

(3)  Higher  ion-production  efficiency  for  a  given 
Impedance,  and 

(4)  Betcer  late-time  impedance  behavior  even  for 
very  small  anode-cathode  gaps. 

Computer  simulation  codes  indicace  that  the 
suppression  of  ion  amission  in  the  region  of  the 
metallic  annulus  in  tun  suppresses  electron  emission 
from  the  cathode  tip  resulting  in  a  diode  behavior 
which  is  consistent  vich  Che  experimental 
observations.  3och  che  experimental  results  and  the 
simulation  results  will  be  presented  and  discussed. 

*Work  supported  by  the  Defense  Nuclear  Agency  and  the 
Department  of  Energy 
TJAYCOR,  Alexandria,  VA  22204 

^Goldstein,  S.A. ,  G.  Coopersteln,  R.  Lee,  3.  Mosher, 
and  S.J.  Scephanakis,  Phys.  Rev.  Letters,  40(23), 

1978. 
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4A4  Anode  Plasmt  Expansion  in  Pinch-Reflex  Diode. * 
0.  C0L0H5A.NT  and  SHYV.c  A.'  GOLDSTEIN**,  -‘laval  Research 
Laboratory ,  Washington,  DC  20375--Anode  plasma  motion 
is  cnaracteri zed  experimental  ly1  by  several  distinct 
stages.  In  the  first  one,  which  lasts  for  about 
10  nsec  for  the  diooe  parameters  in  Ref.  1,  no 
expansion  velocity  larger  than  1  cm/usec  is  observed. 

In  the  second  stage,  the  anode  plasma  accelerates 
toward  the  cathode  and  velocities  are  of  the  order  of 
10  cm/usec.  In  a  third  stage,  the  plasma  is  observed  to 
reach  velocities  up  to  30  cm/usec  and  then  to  recede. 

In  this  presentation,  we  report  attempts  at 
simulating  tne  behavior  of  this  anode  plasma.  We  use  a 
10  slab  MHO  model  in  order  to  follow  the  time- 
dependence  of  the  anode  plasma  expansion  and  in 
particular  to  study  the  effects  of  the  pressure 
gradient  vs.  (jx3J  acceleration.  The  electron  and  ion 
experimental  current  traces  are  used  in  the  calculation 
and  thus  make  the  model  reasonably  accurate  for  this 
part.  The  .major  unknowns  relate  to  the  Initial 
conditions  of  the  anode  material  after  flashover  e.g. 
its  thickness,  temperature,  resistivity  and  chemical 
composition  of  polyethylene  which  was  the  material  used 
in  Ref.  1.  Attempts  have  been  made  to  determine  the 
sensitivity  of  the  calculation  to  these  different 
unknowns.  Changes  in  the  equation  of  state  seem  to 
Influence  in  a  significant  way  the  anode  plasma 
motion.  In  fact,  the  qualitative  picture  which  has 
emerged  from  this  study  is  that  in  the  early  stages, 
the  material  vaporized  from  the  anode  is  still  maae  up 
of  heavy  C2H4  molecules.  As  energy  Is  fed  into  this 
layer  of  material,  it  goes  first  into  internal  energy, 
mostly  into  vibrational  states  of  the  molecules.  Then, 
these  heavy  molecules  are  dissociated  into  lighter 
comocnents  before  turning  into  carbon  and  hydrogen 
atoms.  When  dissociation  is  almost  complete, 
ionization  takes  place.  Curing  these  early  phase 
transitions,  little  energy  is  left  for  kinetic 
motion.  This  explains  the  experimental  observation  of 
reduced  anode  plasma  notion  in  the  first  stage.  When 
the  plasma  ’3  finally  formed  of  lighter  components 
(ions  and  electrons),  much  larger  acceleration  of  the 
plasma  takes  place.  This  acceleration  is  due  at  first 
to  pressure  gradient  terms  (this  points  out  the 
importance  of  knowing  the  pressure  in  the  early  stages) 
and  after  some  time  to  the  (jx3)  term.  Respective 
roles  of  these  two  terms  will  be  presented.  Other 
mechanisms  like  magnetic  diffusion  are  also  Included  in 
the  calculation  and  tneir  roles  are  also  examined. 


•  worn  Supported  by  Department  of  Energy 
••Present  address:  JAYCCR,  Inc.,  Alexandria,  VA 

*  F.C.  Young,  G.  Cooperstein,  3. A.  Goldstein,  0. 

Mosher,  S.J.  Stephjnakis,  W.F.  Oliphant,  J.R.  Boiler, 
J.  Maenchen,  R.D.  Guer.ario,  and  R.N.  Stringfield,  NRL 
Memorandun  Report  -.725,  1  992. 


Focusing  of  '  :n  3eams  From  HI gh-8ri  chtness 
Pinch-Ref lex-Dioaes*  ,  s".  u.  oIEPnANAjCIS,  D.'YGinER,  F. 
’u"!  YUUNG,  ‘lava!  Research  Laboratory,  Washington,  OC 
20375  and  A.  D  .lQSTEIN,  JArCOR,  Inc.,  Alexandria. 

VA  223Q4--We  have  reported  in  tne  past*  tnat  the  source 
brightness  of  ion  beams  produced  in  pinch-reflex-diodes 
can  be  improved  by  minimizing  the  vacuum  gap  that  the 
ions  traverse  between  the  anode  and  the  cathoae.  In 
particular,  an  ion-oeam-dlvergence  half  angle  oe  of 
0.05  radians  was  ac.nieved  with  a  planar  diode.  This 
implies  a  source-power  brightness: 

Bp  =  P/<A8>2  -  1013  W/cm2rad2. 

A  5  cm  dia.  pinch-reflex  diode  with  a  spherical- 
section  anode  (5.1 -cm  radius  of  curvature)  and  a 
similarly-curved  cathode  transmission  foil  has  been 
used  recently  on  the  URL  Gamble  II  generator.  For  the 
electrical  parameters  of  the  experiment  (~  400  kA 
of  ~  1  MeV  protons)  and  the  diode  geometry  used, 
calculations  of  ion  focusing  predict  (see  figure) 


current  densities  exceeding  1  MA/cm2  at  aoout  4  cm  from 
the  anode-foil  apex.  Experimentally,  meas jrements  of 
Ka  x-ray s  from  aluminum  targets,  gold-foil  heating 
viewed  with  x-ray  diodes  and  a  total -stooping  ion 
calorimeter  are  being  used  to  infer  the  ion  current 
density.  A  description  of  the  experiment  will  be 
presented,  and  tne  results  of  the  investigations  will 
oe  'sported. 


*'"'ork  supported  by  tv-  Defense  L'dClear  Agency  and  the 
Department  of  Energy. 

•5.  i.  Steonanaxis,  et.a  .  Dull.  An.  Rhys.  Doc.  25 
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90  12  Cathode  Rlasma  Fi  lamentation  in  Pinch-Reflex 
Diodes.*  ?.r.  OTTItlfleR**,  ihlEE  A.  GOLiS"'N«».  and 
(aUlLtORY**,  Navi!  Research  Laboratory  and  V.X. 

T3 1  PATH  t ,  University  37  .-‘aryl  and--ri  lamentation  of  the 
current  flow  in  ptncn-refl  ex  diodes  Is  3  source  of 
divergence  for  the  ion  oeams  extracted  from  such 
diodes,  for  ICf  applications  one  would  l*Ae  to 
nlnlmtze  Beam  divergence  in  order  to  maximice  beam 
focusaollity.  Since  ft  lamented  electron  flow  ts 
ocserved  even  wnen  ion  production  is  suporessed.  It  Is 
suspected  that  unstable  current  flow  In  the  cathode 
plasma  is  responsible  for  r'l  lamentation.  Possible 
mecnanisms  for  this  unstable  behavior  have  oeen 
studied  including  the  thermal -resistive  and  ionization 
instabilities.  Sath  these  instabilities  result  from 
eurrent-oerturbatlan-ennancement  of  the  local 
conductivity  which,  in  turn.  Intensifies  the  current 
perturoaticn.  Results  of  these  analyses  will  be 
presented  and  camoared  with  experimental  findings, 

•  torx  performed  at  the  Naval  Research  Laboratory  and 
the  University  of  Maryland  and  supported  by  the 
Department  of  Energy  and  the  Defense  Nuclear  Agency. 

••JAYCOR,  tnc. ,  Alexandria,  VA  22204 


4E  9  Theoretical  Study  of  Exceeding  the  CritWl 

tjTTk ^  sttze  a.  -  ■ 

50LDSItI!(+,  i.j.  ultPHANAyli,  md  5.  COOPCR  STE I  If 
Nava)  .Research  Laboratory  -  -flume  r  1  ca  I  slmu!  at  1  ons  ’n«ve 

IVn  JS’nq  S  -^uter  code  .CO 

snow  -nat  oioue  currents  nearly  twice  tne  critical 
current  ana  many  tines  the  l.c,  2h •  1  d-Lmn.ixj ■  r 
prediction  can  oe  re al'y.-j  10  an  i£5  ,v  ...... 

appropriate  soaping  of  the  anoue  struct.  ■ 

attention  Co  1  on  emission  s«rfa*‘5$*  rjc-j ,c.  •  <■  " 

nas  been  shown  previously  fzr  a'-jaia1  d^cje  -itn 
cathode  radius,  R,  ir.oae-cutnoce  ,  R-<j  ,..j  i  Jr:] 
catnooe  tip  nalr.widtn,  L,  tie  ’on-:o-diect-:o  current 
rat.o  sca.es  lue  I/O  instead  pf  tne  R/J  sca.ing 
typical  r or  j  pincneo  seam  aioae.  Electron 
oacxscatter  from  cne  soliu  anoce  surface  is  a’so 
introduced  to  test  its  effect  on  tne  uiooe's  operation 
(see  aostract  or  N.  Pereira,  -au.iel]  Labs.  Inc.' 
Experiments  on  Nile's  Eamoie  II  generator  -Mire 
wath  these  findings  (see  ubstra!;  oy  ..  *  ' 

Staonanaxi s ,  et.al,,  t.ns  bulletin). 

:nB  'jef’sftSi  ‘-eiMr  'jency. 
vunYCOR,  me.,  Alexandria,  ,A  EOuQu.  ' 


90  H  Ion  Energy  Lasse’  in  Pinch-Reflex  Diodes.  • 

P.C.  YOUNG,  5.J.  i  Ter  MAN-  (7  a,  and  SHfAE  A.  GOLisTtlfl^, 
Naval  Research  Laboratory  ..The  energy  of  MaV  pracons 
or  oeucerons  from  oincn-r.iflex  diodes  Is  .MO-  JOf)  VoY '  • 
less  than  the  measured  diode  voltage.  This 
dls creoaney  Is  being  Investigated  using  the  time-af- 
fltgnt  technique  with  d-d  neutrons  to  mate  precisian 
ion-energy  measurements.  Thin  deucerated  polyethylene 
(CQ,)  targets  are  used  so  that  the  duration  of  the 
neutron  signal  is  dominated  ay  the  duration  of  the 
energetic  ion  pulse.  Selective  C02  coating  of  the 
anode  and  judicious  positioning  or  CO,  targets  are 
used  to  evaluate  different  mecnanisms'whicn  could 
account  for  the  ooserved  energy  1  iss.  Mechani sms 
investigated  include-,  '.^resistive  voltage  droo  in  the 
anode  plasma,  2)multiole  cnarge-e-.change  reactions  in 
the  anode  plasma  sheath,  and  3)in  Motive  or  return- 
current  effects  in  the  anode  struture.  The  results 
of  measurements  to  evaluate  such  mergy-loss 
mecnanlsms  will  be  discussed. 

*‘*'orV  supported  by  the  (J.  S.  DOE  and  the  U.  $.  ONA. 
'JAYCOR,  Inc.,  Alexandria,  VA  22304 

C.  Young,  et.al.,  NRl  Memorandum  Report  to.  4322, 
'980;  and  f,  c.  Young,  et.al.,  Bull,  Am.  Rhys.  Soc. 
.25,  920  (1  981  ). 
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rrom  severa' £«« •«"«  2,-  ho^:st 
uf“^i'CS  International  Jo.  ano  Maxwell 
Laboratories  Inc.  It  mvni  ,es  drtvlna  two  or  wnr.  oca 
d  Odes  In  series  from  a  single  Source  ,n  >rZr>? 
between  -otd  1  availjole  generator  voltage 

91oae.  Recenr  experiments  at  NRL  nave 

w“°  *£S  d1odei  CJula  58  successfully  driven 
in  series  when  tne  center  -loacing  electrooe  wnicn 

'  fwr\hCt  as  the  anode  for  ine  3,ode  and  the  cathode 
a  1  tH*inw,’er  aiode'  *as  'Mechanical  ly  neid  rigid  by 
The  v0,:a5a  df  ting9  y 

cur^en?  *i  i^erred  from  measurements  of  the 
current  .lowing  througn  tne  inductor.  The  l  5  «r/ 

betweM°cne°» tJ98  “4$  divided  approximately  equally 

when  wo  .1  ,7°  2  Ca  3iime:ir  1,01 ! ow -catnooe  diodes 

electron  ?T  tdr3u9n  81cn  Aiooe.  Similar 
InoaeT  dama'3e  ’*as  1,50  00sef''e3  an  each 

*J^caRUP?«rMa?y  Cft!  i3efsnse  ‘^cl  ear  Agency 
moAYCOR,  ,nc.,  Alexandria.  VA  20204 


4E  AO  Experimental  Study  of  Exceeding  the  Critical  ’ 
Current  'n  an  VEB  Diooe.*  o.J.  S7E?MANA<'. S,  SriYXE  .A, 
uGLDSTE'.S*,  R.J.  3Aw<cSv,  J.R.  8CLLER.  ANO  G. 
CCOPERSTE!*),  ‘laval  Research  Laboratory— Typical  ly .  the 
current  drown  i'ro.«  <L3  diodes,  is  equal  to  the  critical 
current  L(xA)*8.5  R/0(yV-i)/m  4nere  R  and  3  are  the 
cathode  radius  and  tne  effective  anode-catnoce  gap 
and  y  is  the  usual  relativistic  factor.  Recent 
theoretical  studies  (see  aostract  ay  R.J.  2arxer, 
et.al.)  Indicate  that  lc  can^  be  exceeded  by  almost  a 
factor  of  2  by  shaolng  of  tne  anode  structure  an a 
selectively  ccntrolling  Ion  emission.  These 
predictions  were  tested  experimentally  on  tne  NRL 
Gamole  II  generator.  A  radial  electric  field  was 
introduced  oy  extending  the  anode  coaxially  with  the 
catnode.  The  resulting  radial  -gau-:o-axi  a  I  -gao  ratio 
was  then  varied,  in  addition,  ion  formation  was 
controlled  by  either  using  grapntte-coated  metal 
surfaces  to  suppress  ion  production  or,  insulators 
designed  for  easy  Mashover.  Results  to  pate  'ndlcate 
that  the  Impedance  can  Indeed  be  controlled  oy  such 
techniques  In  agreement  witn  the  theoretical 
predictions.  The  Implications  of  these  results  for 
both  AE5  and  Ion  research  will  be  discussed, 

•'worx  Supported  by  the  Defense  toclear  Agency 
wJAYCOR,  Inc.,  Alexandria,  VA  20304 


Comparison  of  Diode  Voltage  and  Ion  Snerr /  for 
an  Intense  Pulsed  Ion-3eam  Diode,*  F.C.  Young,  L  •  J . 
Stephanakis,  J.R.  Boiler  and  Shyke  A.  Goldstein,  v-!ava„r. 
Ra search  Laboratory,  Washington,  DC  20375  A 

comparison  is  made  of  the  voltage  applied  to  an  intense 
pulsed  ion-beam  diode  and  the  energy  of  deuterons 
emitted  from  the  diode.  Previous  experiments  have 
indicated  that  the  energy  of  MeV  protons  or  deuterons 
from  pinch-reflex  diodes  is  less  than  the  measured 
diode  voltage1  and  that  the  ions  are  created  in  the 
diode  region  with  this  reduced  energy.  We  have 
measured  the  energy  of  deuterons  from  diodes  operating 
at  peak  voltages  ranging  from  0.5  to  1.5  MV.  The 
deuteron  energy  is  determined  by  neutron  time-of-f light 
(TOF)  using  d-d  neutrons.  Deuterons  from  a  CD2_coated 
anode  bombard  a  thin  C02  target  located  at  the  cathode 
to  produce  neutrons  which  are  detected  at  0  •  Measured 
voltage  and  ion  current  traces  are  used  to  calculate 
the  neutron  TOF  trace..  The  deuteron  energy  is 
determined  by  adjusting  the  magnitude  of  the  voltage  so 
that  tho  calculated  TOF  trace  agrees  temporally  with 
the  measured  trace.  Corrections  for  distortion  of  the 
•iW  trace  due  to  lead  shielding  around  the  detector 
are  necessary  to  fit  the  measured  neutron  trace.  The 
peak  deuteron  energy  is  determined  to  a  precision  of  5 
to  10%  for  a  flight  path  of  7.7  m.  The  diode  voltage 
is  deduced  from  a  capacitive  voltmeter  with  an 
inductive  correction  for  the  difference  between  the 
voltmeter  and  diode  locations.  The  deuteron  energy  is 
observed  to  scale  with  the  diode  voltage  but  with  a 
value  of  only  75%  of  the  diode  voltage. 

An  independent  measurement  of  the  voltage 
between  the  anode  and  cathode  was  made  with  an 
inductive  voltage  monitor.4  The  diode  voltage  deduced 
from  this  monitor  is  less  than  the  corrected  voltage 
from  the  capacitive  voltmeter  and  is  consistent  with 
the  ion  energy  from  neutron  TOF.  The  discrepancy 
between  these  ion  energy  and  voltage  measurements  is 
being  investigated. 


*  Work  supported  by  the  Defense  Nuclear  Agency  and  the 
Department  of  Energy. 

+  JAYCOR,  Inc.  Alexandria,  VA  22312. 
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Mosher,  F.L.  Sandei,  P.G.  Blauner  and  S.A.  Goldstein, 
NRL  Memo  Report  4322  (1980);  and  F.C.  Young,  D. 
Mosher,  S.J.  Stephanakis,  and  S.A.  Goldstein,  Phys. 
Rev.  Lett.  49_,  549  (1982). 
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Bull.  Am.  Phys.  Soc.  2 1121  (1982). 
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HS-29,  798  (1982). 
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Ion  Beams  from  Axial  Pinch-Reflex  Diodes  wi _h 
Radial  Electric  rieldsr>  S.J.  steD'nar.akis ,  F.C.  .oung, 
Shyke  A.  Goldstein'*'1  ,  R.J.  Barker^ ^  ,  and  T.J.  Ra.Lk1'^, 
Naval  Research  Laboratory,  Washington,  DC  20375  —  In 
the  past  we  have  reported  that  in  order  to  produce 
light  ion  beams  of  high  brightness  from  pinch  reflex 
diodes,  it  is  necessary  to  minimize  the  distance  that 
these  ions  traverse  in  vacuo  under  the  influence  of 
their  self -magnetic  field.  Although  closing  the  axial 
anode-cathode  gap  improves  beam  brightness,  it  does  not 
eliminate  f ilamentation  as  a  source  of  beam 
divergence.  In  addition,  it  forces  reduction  of  the 
diode  impedance  and  leads  to  premature  gap-closure. 

In  order  to  overcome  these  limitations  a  diode 
concept  incorporating  both  axial  and  radial  electric 
fields  is  being  studied  both  experimentally  and  by 
computer  simulation.  The  new  geometry  incorporates  an 
anode  which  is  extended  axially  in  the  form  of  a 
cylinder  so  that  it  surrounds  the  cathode  shank 
azimuthally  and  allows  for  a  controllable  radial  anode- 
cathode  gap.  The  diode  impedance  is  primarily 
determined  by  the  emission,  and  subsequent  pinching  on 
axis,  of  electrons  off  the  extended  cathode  shank. 

This  allows  for  electron  orbit  mixing  which  may  mean 
less  rippling  of  the  S-field  lines  in. the  ion 
production  region  of  the  diode.  Such  ripples  have  been 
observed  in  computer  simulations  to  have  scale  lengths 
of  the  order  of  an  electron  Larmor  radius  for  the  case 
of  thin-walled  hollow  cathodes  emitting  axially.  In 
addition,  since  the  axial  gap  is  no  longer  as  important 
for  electron  emission,  the  ion-current-neutralizing  ga3 
region  inside  the  cathode  can  be  extendad  axially  all 
the  way  to  the  cathode  tip  thus  further  minimizing  E— 
field  rippling  while  at  the  same  time  minimizing  the 
"axial  in  vacuo  ion  flow. 

Experimentally,  we  have  found  that  by  suppressing 
ion  production  frcm  the  radial  structure  we  can  avoid 
severe  ion  beam  f ilamentation  in  the  azimuthal 
direction.  In  particular,  in  focusing  geometry  we  have 
observed  significant  improvement  in  the  beam 
divergence,  i.e.,  smaller  aiming  errors,  when  such  an 
axial-radial  geometry  is  employed.  We  have  also 
experimentally  achieved  good  impedance  control  by 
varying  the  radial  anode-cathode  gap. 

These  experimental  results  as  well  as  some 
computer  simulation  results  will  be  presented  and 
discussed. 

t  Work  supported  by  the  Defense  Nuclear  Agency  and  the 
Department  of  Energy 

a) JAVCOR,  Inc.,  Alexandria,  VA  22304 
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c) NRL/NRC  Cooperative  Research  .Associate 


■Annular  Electron  Beam  Production  on  Gamble  II 
Using  a  Magnetically  Insulated  Splitter,*  W.F. 

Gliphant,  R.J.  Barker,**  J.R.  Boiler,  G.  Cooperstein, 
Shyke  A.  Goldstein,***  and  S.J.  Stephanakis,  Naval 
Research  Laboratory,  Washington,  DC  20375  —  Annular 

electron  beams  have  been  produced  on  the  NRL  Gamble  II 
generator  using  a  magnetically  insulated  splitter 
concept.1  This  three-dimensional  configuration  is  used 
on  the  Gamble  II  vacuum  diode  to  convert  the  coaxial 
generator  output  to  a  triaxial  output.  It,  in  turn, 
drives  a  double-edged  annular  cathode  where  ideally  the 
electrons  from  the  outer  edge  pinch  inward  while 
electrons  from  the  inner  edge  pinch  outward.  The 
result  is  an  annular  electron  beam  whose  average 
diameter  is  determined  both  by  the  relative  inductances 
associated  with  the  inner  and  outer  anode  return 
current  paths  and  by  the  relative  impedances  of  the 
inner  and  outer  cathodes. 

Experiments  were  performed  at  power  levels  of 
up  to  1.5  TW  and  energies  of  40-60  kJ.  Typical  • 
voltages  were  1-1.5  MV  with  currents  of  0.6-1. 2  MA« 

The  typical  10  cm  diameter  diode  geometry  was 
varied  to  determine  impedance  behavior,  beam  quality 
and  beam  shape.  In  addition  to  controlling  anode- 
cathode  gap  spacings,  cathode  annulus  width  and  return 
path  inductances,  ion  production  from  the  anode  was 
also  controlled,  by  selectively  using  high  and  low 
atomic  weight  materials,  in  an  attempt  to  effect  beam 
positioning. 

The  low  prepulse  (<  10  kV)  and  fast  risetime 
(<  20  ns)  of  the  Gamble  II  output  voltage  pulse, 
generally  produced  well  behaved  azinuthally  symmetic 
beams  although  electron  beam  filaments  originating  from 
the  magnetic  nulls  between  the  magnetically  insulated 
posts  could  be  observed. 

Finally,  two  concentric  triplate  feeds 
producing  annular  beams  of  5  and  15  cm  diameter  were 
tested.  The  two  beams  were  smooth  and  well-behaved 
and,  as  expected,  could  be  controlled  independently  of 
each  other.  Such  a  technique  can  eventually  lead  to 
tne  capability  of  producing  large-area,  low  impedance 
electron  beams  with  very  little  current  loss  to  anode- 
produced  ions. 

*  Work  supported  by  the  Defense  Nuclear  Agency, 
Washington,  DC  22305. 

**  Present  Address:  Mission  Research  Corp. , 

Alexandria,  VA  22312 
***Jaycor,  Inc.,  Alexandria,  VA  22304 
1  J.  Shannon  et.al.,  Invited  Paper,  these  Proceedings. 


COMPUTER  SIMULATION  OF  INTENSE  ELECTRON  BEAM 
GENERATION  IN  A  HOLLOW  CATHODE  DIODE 


'# 


Introduction 

Several  years  ago  at  the  Naval  Research  Laboratory/ Cooperstein ,  et  al., 
observed  some  interesting  anode  damage  patterns  during  runs  of  the  Gamble  I 
low- impedance  diode. ^  The  experimental  arrangement  is  depicted  in  Fig.  1. 

A  simple  carbon  hollow  cathode  opposed  a  flat,  plate  porous  graphite  anode. 
(Note  that  only  the  small  D  carbon  witness  plate  location  is  of  interest 
here.)  Large  external  magnetic  field  coils  maintained  the  entire  configura¬ 
tion  in  a  30  k G  solenoidal  magnetic  field.  A  number  of  discharges  were  run 
in  the  600  kV  to  1  MV  range.  After  a  typical  experiment,  examination  re¬ 
vealed  that  a  perfect  circular  groove  had  been  cut  into  the  anode  surface. 

The  dimensions  of  the  groove  were  such  that  the  cathode  could  neatly  fit  into 
it.  Furthermore,  upon  closer  examination  there  was  an  even  finer  pattern  of 
damage  inside  the  groove.  A  radial  cross-section  had  the  shape  of  a  straight¬ 
sided  "W” .  The  groove  was  decidedly  deeper  at  the  edges  than  along  the 
center. 

The  close  correspondence  between  the  cathode  radius  and  the  damage 

radius  was  attributed  to  the  effect  of  the  strong  axial  magnetic  field.  This 

effect  alone,  however,  could  not  explain  the  sheer  magnitude  of  the  damage. 

2 

Some  100  kA/cm  of  electron  current  density  would  have  been  required  to 

pulverize  the  anode  material.  Standard  one-dimensional  analysis  cannot 

explain  the  emission  of  such  high  current  densities  from  the  cathode. 
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Nevertheless,  their  existence  has  been  established.  A  possible  explanation 

is  that  electron  emission  is  enhanced  through  a  two-dimensional  intensifica- 
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tion  of  the  electric  field  near  the  cathode  face  edges.  '  This  enhanced 
edge  emission  would  also  explain  the  "W"  shape  of  the  anode  groove  cross- 
section.  The  computer  simulations  described  below  were  conducted  to  test 
this  theory. 

The  Simulation  Code 

The  computer  code  utilized  in  these  studies  is  a  modified  version  of  the 

DICDE2D  code  developed  at  the  Naval  Research  Laboratory  during  the  mid-1970's 

by  one  of  the  authors  (R.E.L.).  That  original  code  performed  numerous 

accurate  and  efficient  one-  and  two-dimensional  electrostatic  diode  simula- 
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tions.  '  These  results  encouraged  the  expansion  of  the  program  to  allow  the 
full  treatment  of  radial  and  axial  self -magnetic  fields  as  well  as  the  inclu¬ 
sion  of  an  imposed  axial  magnetic  field.  As  in  the  original  code,  great 
emphasis  was  placed  upon  optimizing  the  numerics  of  the  new  code  for  use  on 
NRL's  vector  machine,  the  Texas  Instrument  Advanced  Scientific  Computer.  The 
coding  work  was  completed  by  another  of  the  authors  (R.J.B.)  in  August  of 
1978.  Since  then,  work  to  improve  its  efficiency  has  continued  simultaneous 
to  its  application  to  a  variety  of  problems  of  interest  including  the  one 
presented  herein.  The  capabilities  of  the  code  and  its  limitations  are  out¬ 
lined  below. 

The  code  is  2h  dimensional,  particle-in-cell  (PIC) .  Inhomogeneities 
are  allowed  in  the  radial  (r)  and  axial  (z)  spatial  dimensions.  Complete 
azimuthal  symmetry  is  assumed.  On  the  other  hand,  all  three  momentum  com¬ 
ponents  (r,  9,  z)  are  retained.  This  retention  of  the  theta  momentum  is  a 
prerequisite  for  the  treatment  of  radial  and  axial  magnetic  fields  in  the 
simulation.  The  "particles"  in  this  model  are  axially-centered  rings  of 
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charge  with  all  other  degrees  of  freedom.  In  reality  they  are  macroparticles 
carrying  many  times  an  elementary  charge  but  retaining  the  physical  charge- 
to-mass  ratios  of  the  protons  and  electrons  which  they  represent.  Area 
weighting  (i.e.,  linear  interpolation)  is  used  to  couple  these  charges  with 
the  electric  and  magnetic  fields  calculated  over  a  fixed  set  of  grid-points 
in  the  region  of  interest.  The  fields  thus  interpolated  to  the  particle 
positions  act  on  these  charge-current  rings  by  way  of  the  relativistic 
Lorentz  force  equation. 

The  fields  are  treated  electrostatically  and  magnetostatically .  In 
this  sense  the  code  does  not  perform  a  true  "simulation1’  since  Maxwell's 
equations  are  not  observed.  Rather  the  treatment  is  "quasistatic".  Equilib¬ 
rium  solutions  to  various  diode  geometries  are  sought.  The  "timesteps" 
which  appear  in  the  code  are  actually  snapshots  of  the  system  while  it  seeks 
to  relax  toward  its  steady-state  operation.  It  is  this  steady  state  which 
is  of  primary  interest.  In  order  to  determine  the  electric  field  within  the 
diode  region  particle  charge  densities  are  distributed  over  a  fixed  grid  and 
the  discrete  Poisson's  equation  is  solved.  The  same  technique  is  used  to 
determine  the  axial  and  radial  components  of  the  self-magnetic  field  from  the 
azimuthal  current  densities.  In  both  cases  the  code  permits  irregular 
conducting  boundaries  inside  the  computational  region.  The  treatment  of  such 
internal  boundaries  entails  the  use  of  a  "capacitance  matrix". ^  The  internal 
surfaces  thus  created  are  held  at  predetermined  electric  potential  values 
while  magnetic  flux  from  all  but  the  imposed  fields  is  excluded  from  them. 
Direct  radial  integration  of  the  axial  current  densities  over  the  mesh  yields 
the  azimuthal  magnetic  field  via  Ampere's  Law.  The  outer  radial  boundary  of 
the  diode  region  may  be  either  conducting  or  free-space.  The  electrostatic 
potential,  J ,  is  set  constant  along  all  conducting  boundaries.  Along  radial 


free-space  boundaries,  t>  is  graded  logarithmically  and  along  axial  ones, 

linearly.  For  A  ,  when  a  free-space  outer  radial  boundary  is  chosen,  the 
d 

external  source-free  cylindrical  veccor  potential  eigenvectors  are  matched 
up  with  their  internal,  source-consistent  counterparts  there.  The  algorithm 
also  permits  the  imposition  of  a  temporally  and  spatially  uniform  axial 
magnetic  field.  This  feature  was  essential  to  the  completion  of  this 
particular  study. 

At  the  start  of  a  typical  computer  run,  the  computational  diode  region 

is  a  complete  vacuum,  devoid  of  particles.  The  electric  potential  is  pre-set 

along  the  entire  boundary  as  well  as  along  all  internal  conducting  surfaces. 

A  fixed  value  is  similarly  set  for  the  imposed  axial  magnetic  field  (B  ) . 

z 

The  emission  of  the  ions  is  permitted  anywhere  along  the  conducting  high 
voltage  boundary  (anode)  surface.  Electrons  are  emitted  along  the  front  face 
of  the  cathode  surface.  The  value  of  the  perpendicular  electric  field  at  a 
given  emission  point  determines  the  total  charge  (i.e.,  number  of  particles) 
that  will  be  emitted  there.  At  the  beginning  of  a  timestep,  the  electric 
field  at  a  surface  specifies  the  net  charge  density  on  the  surface  via  Gauss' 
Law.  The  surface  integral  of  this  density  over  a  cell  width  around  a  given 
grid  point  yields  the  net  charge  which  is  emitted  there  for  this  timestep. 
Prior  to  the  actual  particle-pushing  the  electric  field  is  recalculated 
taking  into  account  the  newly  emitted  charge. 

The  emitted  particles  are  then  pushed  according  to  the  relativistic 
Lorentz  force  law  using  the  area  weighted  electric  and  magnetic  field  values 
interpolated  at  the  particle  position  from  the  four  nearest  grid  points. 
After  the  pushing  in  each  timestep  the  charge  and  current  density  associated 
with  each  particle  is  distributed  over  the  four  nearest  gridpoir.ts  using  the 
same  linear  interpolation  scheme  in  reverse.  This  yields  a  complete  array  of 
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values  for  the  charge  density,  p,  and  the  current  density,  J,  over  the  compu- 


tational  mesh.  Poisson  solving  these  arrays  yields  p  and  A  from  which  E  , 

6  R 

—V 

E  ,  B  and  3  are  calculated.  The  azimuthal  ccmDonent  of  B  is  obtained 
z  R  z 

through  direct  integration  of  over  the  grid.  Quantities  of  interest  are 
then  extracted  and  output  via  diagnostic  subroutines.  The  code  then  cycles 
to  the  next  timestep  for  particle  emission. 

Finally,  it  would  be  noted  that  the  numerics  of  the  particle  pushing  as 
well  as  the  potential  solving  has  been  completely  "vectorized".  Thus  the 
momentum,  position,  and  field  components  associated  with  the  entire  ensemble 
of  particles  are  treated  as  macro-vector  quantities.  Arithmetic  operations 
performed  with  them  are  accomplished  in  a  completely  vector-array  format. 

This  property  of  the  code  permits  efficient  running  times  on  the  most 
advanced  scientific  computers.  (Of  course,  the  interpolation  of  p,  J,  E,  and 
B  values  between  particle  positions  and  grid  points  requires  random  accessing 
of  array  points  and  this  process  cannot  be  vectorized.) 

The  Computer  Experiment 

Configuration  Under  Study 

The  diode  configuration  modeled  in  this  simulation  was  chosen  specif¬ 
ically  for  its  significant  distortion  of  the  internal  electric  field.  Any 
emission  enhancement  resulting  from  this  distortion  should  be  relatively  easy 
to  see.  Figure  2  provides  a  scale  drawing  of  the  actual  geometry  of  the 
diode  modeled.  The  hollow-cathode  projects  into  the  computational  region 
from  the  left-hand  boundary.  A  cylindrical  anode  cup  completely  surrounds  it 
radially  and  to  the  right.  One-quarter  centimeter  separates  the  cathode  face 
from  the  anode  disc  piate  while  radial  gap  between  these  two  coaxial  elec¬ 
trodes  is  one  and  one-quarter  centimeters  wide.  The  cathode  itself  measures 
1.27  centimeters  in  outer  radius  with  a  wall  thickness  of  0.14  cm.  It 
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projects  0.08  cm  into  the  2-D  computational  region.  A  conducting  plug  fills 
the  cathode  interior  to  within  0.08  cm  of  the  edge  face  and  thus  coincides 
with  the  computational  region's  inner  left  boundary.  The  upper  half  of  the 
region's  left  boundary  is  left  "open"  with  the  electrostatic  potential 
graded  logarithmically  with  radius. 

The  vacuum  diode  equipotential  surfaces  are  depicted  in  Fig.  3.  Of 
particular  interest  in  this  plot  is  the  manner  in  which  these  surfaces  are 
compressed  near  the  edges  of  the  cathode  face.  This  bunching  gives  rise  to 
the  electric  field  enhancement  at  these  points  and  to  the  resulting  enhanced 
electron  emission  there. 

Operational  Parameters 

For  all  of  the  runs  discussed  herein,  the  diode  voltage  is  initialized 

at  120  kV  and  climbs  linearly  over  50  timesteps  to  a  steady  state  plateau 
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value  of  600  !<V.  The  timestep,  At,  itself  is  fixed  at  1.6  *  10  second. 
The  twc-cimensional  numerical  mesh  over  which  the  particles  move  measures 
128  cells  in  the  radial  dimension  and  64  cells  in  the  axial.  In  addition,  a 
monolayer  of  "guard  cells"  completely  surrounds  the  mesh  to  yield  a  total  of 
130  *  66  cells  overall.  All  boundary  surfaces  run  between  neighboring  rows 
of  gridpoints  rather  than  along  them.  (C-ridpoints  are  defined  as  the  cell 
centers.)  The  electrostatic  potentials  on  these  boundaries  are  held  fixed 
relative  to  the  full  diode  potential  at  any  given  timestep  throughout  the 
simulation.  The  cell  widths  (or  gridpoint  spacir.gs)  are  0.0195  and  0.C0521 
centimeters  for  AR  and  AZ,  respectively.  The  front  face  of  the  cac'node 
emits  electrons  over  six  radial  cells.  This  emission  profile  provided 
adequate  resolution  for  this  experiment.  Finally,  a  solenoidal  magnetic 
field  is  imposed  and  is  assumed  to  have  been  on  long  enough  to  have 
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completely  penetrated  the  anode  and  the  cathode  before  particle  emission  is 
initiated. 

For  the  first  300  timestaps  of  the  simulation,  only  electron  emission 

was  permitted.  3y  that  time,  an  electrons-only  steady  state  had  been 

attained.  The  program  diagnostics  were  then  examined  to  determine  which 

regions  of  the  anode  surface  were  being  bombarded  by  the  largest  electron 

currant  densities.  At  timestep  301,  ion  emission  was  turned  on  over  those 

regions.  (In  the  physical  diode,  these  are  the  areas  where  the  most  heating 

3 

of  the  anode  surface  has  occurred.)  The  computer  simulation  then  continues 
until  the  net  ion  and  electron  currents  equilibrate.  The  numerical  data 
presented  in  the  next  section  are  taken  from  this  final  timestep  with  the 
device  in  its  steady-state  operation. 

Results 

In  order  to  gauge  the  specific  effect  of  a  strong  imposed  solenoidal 

magnetic  field,  3  ,  on  diode  operation,  the  same  diode  was  simulated  with 
z 

and  without  3  =  30  kG.  In  both  cases  the  plateau  voltage  is  set  at  500  kV. 

z 

In  Case  1,  3  is  set  ecual  to  zero.  The  major  phenomenum  to  be  observed  in 
z 

this  case  is  the  two-dimensional  electric  field  enhanced  emission  of  electrons. 
The  results  are  graphically  presented  in  Fig.  4.  After  3C0  timesteps  of 
electrons-only  operation,  the  equilibrium  profiles  of  electron  emission  cur¬ 
rent  density  at  the  cathode  face  and  the  electron  impact  current  density  at 
the  anode  are  plotted  as  shown.  It  is  quite  clear  that  the  compression  of 
electrostatic  equipotential  liner  at  the  cathode  face  edges  (see  Fig.  3)  has 
had  its  effect.  Electron  emission  is  up  by  a  factor  of  about  2.5  at  the 
edges  as  compared  to  the  center  of  the  cathode  face.  A  peak  electron  current 
density  of  over  73  kA/cm^  is  observed  at  the  edge.  The  sharpness  of  this 
profile  degenerates  markedly  before  hitting  the  anode  face.  Virtually  all 


of  the  double-peaked  definition  is  lost.  The  distribution  is  relatively  dif 

fuse  with  a  maximum  density  of  only  about  24  kA/csf .  A  net  current  of 

37.6  kA  now  flows  through  the  diode.  Since  the  critical  current  is  about 

82  kA,  only  very  weak  pinching  can  occur. 

At  timestep  301,  ion  emission  begins  on  the  anode  face  in  the  region 

where  the  electrons  have  been  arriving.  The  addition  of  protons  into  the 

system  has  a  substantial  effect  (see  Fig.  5) .  At  equilibrium,  the  total 

current  through  the  diode  has  jumped  to  61.5  kA.  The  electron  emission  pro- 

file  has  about  the  same  shape  but  it  now  exceeds  90  kA/cm^  at  the  cathode 

face  edges.  Similarly,  the  anode  electron  impact  plot  is  still  diffuse  but 
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it  now  peaks  at  about  32  kA/cm  .  Note  also  that  the  self-pinching  of  the 
electron  beam  is  more  pronounced.  The  mean  radius  of  the  beam  has  decreased 
by  about  one  millimeter  in  its  passage  across  the  two  and  a  half  millimeter 
gap. 

For  the  diode  simulation  Case  2,  a  thirty  kilogauss  sclanoidal  magnetic 

field,  3^ ,  is  imposed.  The  results  of  the  runs  are  plotted  in  Figs.  5  and  7 

As  in  the  previous  case,  only  electrons  flow  through  the  system  during  the 

first  300  timesteps.  Figure  6  reveals  once  again  a  double  peaked  emission 
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distribution  at  the  cathode  with  a  maximum  value  of  about  96  kA/cm  .  The 

truly  dramatic  change  is  found  in  the  anode  profile.  The  beam's  radial 

diffusion  while  crossing  the  gap  has  been  sharply  restricted  by  the  imposed 

3^ .  The  anode  impact  plot  has  about  the  same  shape  as  the  plot  of  the  elec- 
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tron  emission.  It  peaks  at  about  33  kA/cm  .  In  this  steady  state  about 
40  kA  is  flowing  through  the  diode.  The  results  become  more  marked  after 
ions  are  permitted  into  the  system  (see  Fig.  7).  Peak  electron  emission 
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rises  to  108  kA/cm“  while  a  maximum  of  92  kA/cm  of  electron  current  density 
is  being  deposited  at  the  anode  face.  (Note  that  the  total  diode  current  is 
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59.2  kA  in  steady  state.  This  is  less  than  that  recorded  for  the  3  = 

z 

case  for  the  simple  reason  that  ion  emission  was  artifically  limited  to  fewer 
points  on  the  anode  face  for  this  run.) 

These  results  indicate  the  following:  (a)  Electron  emission  is 
enhanced  at  the  cathode  face  edges.  (b)  Protons  flowing  in  the  system  sub¬ 
stantially  increase  net  diode  current  figures.  (c)  A  strong  imposed  3 
significantly  reduces  the  self-pinching  of  the  electron  beam  as  well  as  its 
radial  diffusion. 

Comparison  of  Results  to  Theory  and  Experiment 

The  computational  results  just  presented  gain  significance  only  through 

comparison  with  the  predictions  of  theory  as  well  as  with  the  findings  of 

experiment.  The  first  question  is  that  of  electron  emission  enhancement  due 

to  two-dimensional  electric  field  distortions.  In  a  one-dimensional  analysis, 

in  the  absence  of  ions  the  Child-Langmuir  emission  law  predicts  that  for  an 

infinite  flat  plate  vacuum  diode  with  gap  separation,  d  (in  centimeters) , 

and  potential  difference,  V  (in  volts),  electrons  will  be  emitted  uniformly 

9 

over  its  cathode  surface  with  a  current  density  of 

J  =  2.34  x  lo“6  v3/2  d"2 
CL 

For  the  diode  treated  in  this  paper,  V  equals  600  kV  while  d  is  0.25  centi- 

2 

meters.  The  formula  thus  yields  J  .  =  17.4  kA/cm  .  This  prediction  comes 

CL 

2 

fairly  close  to  the  20-24  kA/cm  measured  near  the  center  of  the  cathode 
face.  One  would  physically  expect  those  interior  regions  to  most  closely 
resemble  the  one-dimensional  model.  At  the  edges,  on  the  other  hand,  the 
electron  emission  exceeds  the  one-dimensional  J  prediction  by  a  factor  of 
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The  introduction  of  protons  into  the  system  modifies  the  theoretical 

predictions.  This  new  condition  is  termed  one-dimensional  b.. -polar  flow. 

The  new  electron  emission  current  density,  J  ,  is  approximated  by 

BP 


BP 


«  1.86  J 


CL 


2 

Thus,  it  predicts  about  32  kA/cm  for  the  diode  operating  with  ions  and 

2 

electrons.  This  agrees  quite  well  with  the  32-42  kA/cm  seer,  in  the  simula¬ 
tion  for  the  inner  cathode  face  emission.  However,  it  is  off  by  a  factor  of 
2.5  to  3  from  the  edge  emission  figures.  The  two-dimensional  field  enhance¬ 
ment  effects  have  to  drastically  change  the  physics  there  from  the  simple 
1-D  analysis. 

The  second  major  question  concerns  the  effect  of  the  30  kilogauss 
solenoidal  magnetic  field  on  the  electron  current  densities  impacting  the 
anode  face.  Experimental  corroboration  for  the  computational  results  pre¬ 
sented  herein  was  derived  from  the  previously  mentioned  observations  obtained 
from  a  series  of  runs  by  the  Gamble  I  device  at  NRL  in  the  mid  1970's.  These 
empirical  results  were  presented  by  Cooperstein  to  the  1976  meeting  of  the 
Plasma  Physics  Division  of  the  American  Physical  Society.  Of  those  results, 
one  of  particular  interest  here  is  shown  in  rig.  8.  Using  a  diode  configura¬ 
tion  closely  approximating  that  modeled  in  this  computer  simulation,  a  double 
peaked  damage  pattern  was  observed  on  the  anode  face  at  very  nearly  the 
radius  of  the  hollow  cathode  after  each  discharge.  Such  damage  could  result 
if  the  anode  material  was  being  pulverized  by  the  electron  beam.  The  pulver¬ 
ization  of  carbon  requires  the  deposition  of  2  kcal/g.  Assuming  a  mean 
graphite  density  of  2.5  g/cc  this  translates  to  5  kcal/cc.  The  electron  beam 

in  the  computer  simulation  was  delivering  a  peak  power  of  54  j/cm^-sec  over 

2 

an  area  of  roughly  1.1  cm  .  Thus  the  experimentally  obser/ed  damage  could 
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be  obtained  to  a  depth  of  about  one  millimeter  if  the  simulated  beam  were 
maintained  for  approximately  forty  nanoseconds.  According  to  Fig.  3,  the 
experimental  voltage  and  current  peaks  were  1  MV  and  200  kA,  respectively. 
Comparing  this  to  the  600  kV  and  60  kA  of  the  simulation  would  indicate  tha 
the  experimental  diode  could  have  achieved  the  observed  damage  in  twenty 
nanoseconds  or  less. 

In  short,  the  correlation  between  experiment  and  simulation  is  very 
good.  The  empirical  results  can  now  be  better  understood  as  a  consequence 
of  the  combined  effects  of  two-dimensional  electric  field  electron  emission 
enhancement  as  well  as  of  the  electron  path  stiffening  caused  by  the  strong 


axial  magnetic  field. 
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Fig-  1  ~  Experimental  arrangement 


ELECTRONS  HITTING  ANODE  CATHODE  ELECTRON  EMISSION 


ELECTRONS  HITTING  ANODE  CATHODE  ELECTRON  EMISSION 


Bz  =  0,  IONS  a  ELECTRONS 


Fig.  5  -  Steady-state  current  density  for  case  1  with  electrons  and  ions 
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ELECTRONS  HITTING  ANODE  CATHODE  ELECTRON  EMISSION 


B2  =  30kG  ,  ELECTRONS  ONLY 


Fig.  6  -  Steady-state  current  density  for  case  2  with  only  electrons 


ELECTRONS  HITTING  ANODE  CATHODE  ELECTRON  EMISSION 


Bz  =  30kG,  IONS  &  ELECTRONS 
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Fig.  7  -  Steady-state  current  density  for  case  2  with  electrons  and  ions 
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VECTOR-POTENTIAL  FLOW  IN  RELATIVISTIC  BEAM  DIODES 
I.  INTRODUCTION  AND  THEORY 

Pinched  electron  flows  in  diodes  have  been  used  as  a  means  of 
concentrating  relativistic  electron  beam  kinetic  energy  onto  small 
areas.  Inertial  confinement  fusion  with  relativistic  electron  beams 
has  been  a  prime  motivation  for  experimental  and  theoretical  efforts 
directed  at  maximizing  the  electron  power  concentration.  During  recent 

studies  it  was  found  that  hollow  cathodes  generate  a  collapsing  hollow 

1  2  3 

ring  that  pinches  because  of  an  ion  induced  pinch.  ’  Prior  to  these 

discoveries,  it  was  speculated  that  the  electron  flow  pinches  in 
4  5 

vacuum  ’  due  to  the  self-magnetic  field  generated  by  the  electron  flow 
current  when  it  exceeded  a  critical  current  for  pinching.^  It  has  been 
shown  that  the  relativistic  effects^  of  unneutralized  electron  flows 
under  self-magnetic  fields  do  not  generate  a  tightly  pinched  electron 
flow,  but  rather  a  weakly  pinched  one.  The  reason  for  this  is  that 

•  -'SELF  ^  '  -I SELF  (1) 

4  5 

and  electrons  do  not  E.x_3  drift  under  such  conditions.  The  models  ’ 
for  vacuum  pinching,  however,  can  be  made  self-consistent  by  adding 
a  mysterious  current  flowing  on  the  diode  axis.  This  current  adds  to 
the  total  magnetic  field  reversing  inequality  (1) .  The  resulting 

4 

electron  flow  is  described  by  a  force-free  flow  which  has  been  coined  ’ 
Para-Potential  Flow  (PPF) .  One  may  then  summarize  the  ion  induced 
pinch  and  the  PPF  described  above  for  generating  pinched  electron  flow 
as  two  ways  of  reversing  inequality  (1).  The  ion  induced  pinch  intro¬ 
duces  ions  that  reduce  the  electric  field  while  the  PPF  scheme 
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introduces  a  bias  current  that  increases  the  magnetic  field.  The  latter 

shall  be  called  a  bias  current  pinch  since  the  PPF  is  only  one  of  a 

family  of  electron  flows  that  E_*_3  drift  towards  the  diode  axis. 

There  is  a  definite  advantage  of  bias  current  pinches  over  ion 

induced  pinches  for  low  impedance  (<  1  Q)  generators.  The  ion  current 

2  8 

that  flows  in  low  impedance  pinched  beam  diodes  restricts  ’  the 

12 

electron  power  to  a  finite  level  (~  10  W)  and  is  thus  an  unacceptable 

power  drain  for  electron  beam  fusion  (but  is  an  interesting  source  of 

2  9 

power  for  ion  beams  ’  ).  Historically,  there  were  many  attempts  to 

generate  bias  current  pinches.  These  included  the  use  of  (1)  tapered 

hollow  cathodes^,  (2)  a  plasma  column  on  the  diode  axis, ^  (3)  an 

12  13 

externally  driven  rod  on  the  diode  axis,  (4)  two  concentric  cathodes 
and  recently  (5)  multiple  cathodes.1^ 

Here,  we  report  on  a  new  technique  that  is  a  combination  of  a  bias 
current  pinch  and  an  ion  induced  pinch  (Figure  1) .  This  technique 
allows  one  either  to  minimize  the  ion  current  or  to  concentrate  it  near 
the  axis.  In  addition,  electron  injection  into  the  diode  is  radial 
rather  than  the  axial  emission  of  electrons  from  cathodes  used  to  date. 
The  radial  injeccion  was  attemped  as  a  smooth  transition  for  electrons 
from  the  cathode  to  the  equipotential  surfaces  (see  the  electron 
trajectories  s'..own  in  Figue  1)  .  Since  electrons  must  cross  equi- 
potentials  starting  from  the  cathode  (where  the  potential  0  3  0)  on 
their  way  to  motion  along  the  equipotent.i al  surfaces  near  the  anode, 
they  cannot  be  characterized  by  a  PPF  theory.  A  more  general  theory 
which  is  restricted  only  to  cold  electron  flow'7  shows  that  the 


2 


mechanical  momentum  of  the  electron  fluid  is  related  to  the  magnetic 
field  by 


<• 


— *  <■+  O  —4 

7  x  p  *  -  -  B 
c 


(2) 


Since  B  -  V  x  A,  and  A  is  free  to  be  defined  within  the  addition  of  any 
7X,  one  may  realize 


(3) 

by  choosing  7X  *  0.  Thus  the  electron  mechanical  momentum  vector  lies 
along  the  vector  potential.  Hence  the  name  Paravector-potential  (PVP) 
diode. 

The  actual  solutions  of  the  electron  flow  for  the  geometry  of 
Figure  1  near  the  inner  edge  of  the  outer  cathode  and  the  anode  edge 
are  ratner  complicated.  The  exact  solutions  at  smaller  radii  will 
depend  on  an  analytic  continuation  of  the  flow  pattern  from  the  regions 
of  the  corners  into  the  smooth  region  of  the  flat  anode.  A  family  of 
solutions  which  are  exact  solutions  of  the  generalized  equation^  is 
given  by  a  treatment  similar  to  that  of  the  reference. 

The  solutions  are  based  on  the  existence  of  a  region  of  zero 
electric  field  ((a)  in  Figure  1),  an  electron  sheath  of  thickness  d^ 
(region  (b)),  and  a  vacuum  region  of  thickness  d ^  (region  (c)).  The 
magnetic  field  in  region  (a)  is  derived  from  the  bias  current  of  the 
center  cathode,  and  ions  flowing  to  it  from  the  anode.  Electrons 
from  the  outer  cathode  flow  without  being  lost  on  the  anode  at  radii 


3 


between  the  two  cathodes.  Using  the  forms  of  the  electric  and  magnetic 
fields  of  the  electron  flow  as  derived  by  Goldstein,  et  al.,2  the 
thickness  of  the  electron  flow  d^,  and  the  thickness  of  the  flow-anode 
vacuum  gap.  are  found  as  functions  of  radius. 


*  ■  ■  ft)  (■•  ■  y  °ft) 


Here  r  is  the  radius,  I 

*  r 


*  17  kA,  I  is  the  center  current, 
c 


,  Vq  the  diode  voltage,  and  the  functions  F  and  G  are 


given  by 


F  (x)  «  Js  ln(x  +  (x2  -  1 )**) 


G  (x) 


U  j*  + 

x  +  x(xM)^  -1 


Over  the  range  2  ^*^3,  F(x)  and  G(x)  are  approximately  0.8  and  0.25, 
respectively. 

It  is  important  to  note  that  for  a  given  diode  voltage,  the  gaps 

are  totally  defined  by  the  ratio  -j—  .  The  physical  anode-cathode 

c 

spacing  in  region  (a)  does  not  enter  into  the  result. 

Since  d ^  must  be  positive  (or  else  the  electrons  will  strike  the 

anode),  must  be  greater  than  Ic>  As  d-  is  the  distance  between 

'  o 

the  flow  and  the  anode,  it  provides  a  measure  of  the  axial  anode 
perturbations  that  the  diode  can  tolerate.  For  example,  for  diode 


4 


parameters  of  1  MV,  1  MA,  and  —  =  2.4,  the  spacing  =  (0.006)r  while 

c 

dj.  is  a  factor  of  5  greater.  Thus,  at  a  radius  of  4  cm,  one  can 
colerate  anode  imperfections  on  the  order  of  0.02  cm. 

If  only  electron  flow  existed,  then  the  space  charge  effect  of  the 
flow  from  the  outer  cathode  as  it  came  opposite  the  inner  cathode 
would  have  decreased  the  electron  flow  from  the  inner  cathode,  thus 
decreasing  the  bias  current,  resulting  in  the  loss  of  the  electrons 
on  to  the  anode  opposite  the  inner  cathode.  Taking  into  account  that 
an  anode  plasma  is  being  produced  opposite  the  inner  cathode  by  the 
electron  beam  heating  of  the  anode  surface,  it  is  seen  that  ion  flow 
may  provide  space-charge  neutralization  negating  the  effect  of  the 
radial  electron  flow  and  replacing  the  partially-suppressed  electron 
current.  The  sum  of  the  electron  and  ion  currents  in  the  center  cathode 
represents  the  needed  bias  current.  The  presence  of  the  ion  flow 
allows  an  ion  induced  pinch  to  continue  the  pinching  of  the  electron 
flow  to  radii  smaller  than  the  inner  cathode.  Numerical  simulation^ ’  ^ 
has  shown  that,  in  this  region,  the  drifts  of  electrons  (such  as  the 
drift)  are  a  prime  cause  for  finite  pinch  radius.  The  use  of 
smaller  hole  cathodes  is  known ^  to  generate  smaller  pinches  and  was 
also  tried  in  the  experiments  reported  here. 

In  the  numerical  simulation  studies  an  extension  of  the  r,  z, 
semi-static,  particle-in-cell  code  was  used  to  find  the  self- 
consistent,  numerical  solutions  of  electron  and  ion  flows.  In  Figure  2, 
the  diode  geometry  and  vacuum  equipotentials  are  shown  for  diode 
parameters  close  to  those  used  in  the  experiments. 


When  self-consistent 


particle  flows  are  generated  in  this  diode,  the  equipotential  field 
lines  (Figure  3)  are  drastically  altered  and  shifted  toward  the  anode 
in  close  agreement  with  analytic  theory.  The  only  constraint  imposed 
was  that  ions  on  the  anode  were  generated  only  at  radii  smaller  than 
that  of  the  inner  cathode. 

The  basic  concept  of  the  PVP  diode  led  to  the  design  of  a  series 
of  diodes  used  in  conjunction  with  the  GAMBLE  I  and  GAMBLE  II 
generators  operated  in  positive  polarity.  The  diode  performance  was 
studied  over  wide  variations  of  voltage  and  total-to-center  current 
ratio,  I^I^.  In  agreement  with  thoery,  it  was  found  that  given  a 
total  to  inner  current  ratio  less  than  y  ,  then  the  radially  injected 
electrons  will  flow  inward  without  striking  the  anode  at  large  radii 
providing  there  are  no  gaps  or  projections  to  perturb  the  equipotential 
surfaces.  If  the  needed  bias  current  is  not  provided,  then  a  self- 
correcting  phenomenon  was  observed  in  which  excess  radially  injected 
electrons  are  lost  immediately  to  the  anode  edge.  The  rest  then  flow 
in  without  striking  the  anode  at  large  radii  resulting  in  a  current 
of  y  I  near  the  anode  axis.  The  other  predicted  phenomenon 
observed  was  the  interaction  of  the  radial  electron  flow  with  the  bias 
flow.  Instead  of  continually  rising  during  the  voltage  pulse,  the 
bias  current  clamped  at  the  value  it  had  at  the  time  the  radial 
flow  started. 

II.  EXPERIMENTAL  APPARATUS 

The  PVP  diode  design  has  worked  over  the  course  of  more  than 
80  shots.  A  scale  drawing  of  the  latest  geometry  is  shown  in  Figure  4. 
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The  cathodes  (shown  solid)  were  made  from  brass  and  mounted  on  a 
36  cm  diameter,  2.5  cm  chick  aluminum  insert  (shown  cross-hatched)  that 
fit  the  door  of  both  of  the  GAMBLE  relativistic  beam  generators,  which 
were  operated  in  positive  polarity.  The  door  insert  had  a  4.4  cm 
diameter  hole  on  axis  (originally  2.5  cm)  and  1.0  cm  slit  22.9  cm  long 
cut  through  it  (originally  19.7  cm)  for  viewing  a  diameter  of  the 
anode.  The  taper  of  the  inner  cathode  was  varied  from  6°  to  30°  with 
a  variety  of  inner  and  outer  diameters.  The  most  recent  inner  cathode 
was  the  8.2/1. 3  cm  (O.D./I.C.),  12°  tapered  hollow  cathode  shown  in 
Figure  4.  The  outer  cathode  was  a  22.9  cm  I.D.,  25.4  O.D.  brass  ring. 
Shots  using  annular  brass  inserts  to  close  the  radial  gap  or  tailor 
Che  emmission  surface  have  been  taken.  The  anodes  were  originally 
flat  aluminum  disks  (Figure  5a)  20  cm  in  diameter  which  were  held 
onto  the  center  conductor  of  GAM3LE  I  or  GAMBLE  II  by  6  insulating 
bolts  at  a  large  radius.  On  later  shots,  the  anode  diameter  was 
increased  to  close  the  radial  gap.  Spacers  allowed  the  anodes  to  be 
positioned  so  as  to  be  in  Che  plane  of  the  outer  cathode.  Later,  in  an 
attempt  to  reduce  the  edge  damage,  the  outer  edge  was  beveled  at  45° 
(Figure  5b)  to  give  the  non-radially  emitted  electrons  more  distance 
in  which  to  turn.  Only  in  the  last  series  of  shots  was  the  outer  edge 
geometry  changed  to  that  shown  in  Figures  4  and  5c  -  the  anode  edge 
being  relatively  sharp  and  the  anode  beveled  at  negative  45°.  In  this 
configuration,  the  axial  electric  field  was  reduced  with  the  result 
that  most  of  the  current  flowed  radially.  The  anode  was  a  20.3  cm 
diameter,  stainless  steel  outer  structure  (shown  with  fine  hatching) 


which  held  an  aluminum  insert  (shown  with  large  hatching) .  The 
space  behind  the  insert  was  present  to  prevent  shock  damage  to  the 
stainless  holder  and  the  hub  of  the  generator.  The  stainless  holder 
was  mounted  with  a  single  k”  -  20  screw  into  the  generator.  The  entire 
anode  surface  was  covered  with  either  2  jam  aluminized  KIMFOL  poly¬ 
carbonate  foil  or  6  ,am  aluminized  mylar,  aluminum  side  towards  the 
cathode.  The  covering  provided  the  anode  with  a  smooth,  continuous 
potential  surface. 

The  main  diagnostics  were  a  diode  voltage  monitor,  B  loops 
monitoring  the  current  flowing  from  the  center  cathode  and  also  from 
the  total  cathode  assembly,  anode  witness  plate  damage,  and  x-ray 
production  monitored  by  a  time- integrated  x-ray  pinhole  camera  and 
calibrated  o-i-n  diodes. 

III.  OBSERVATIONS 

Series  I  -  GAMBLE  I  shots  #5828-5836 

This  series  of  shots  used  20.0  cm  diameter  flat  aluminum  anodes 
mounted  with  six  bolts  at  a  diameter  of  18.4  cm.  The  bolts  were 
counterbored  so  as  not  to  protrude  out  of  the  plane  of  the  anode.  An 
insert  into  the  outer  cathode  made  the  radial  gap  5  mm  (See  Figure  5e) . 
The  anode  was  varied  from  being  inserted  0.5  mm  into  the  plane  of  the 
outer  cathode  to  being  withdrawn  0.5  mm  from  it.  The  inner  cathode 
was  an  8. 4/ 3. 9  cm  (O.D./I.D.),  6°  tapered  hollow  cathode  and  the 
anode-cathode  gap  was  5.2  mm  at  the  inner  diameter. 

The  voltage  on  these  shots  was  low(^400  kV)  and  the  bias  current 
criterion  was  not  met.  Only  100  kA  out  of  the  235  kA  total  current 
flowed  in  the  center  cathode  which,  according  to  the  theory  of  PVP  flow, 
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could  bring  in  80  kA  from  the  outer  cathode  leaving  55  kA  to  strike 

the  anode  rim.  Anode  rims  showed  existence  of  radial  flow  through 

their  extensive  damage.  The  inner  edges  of  the  screw  holes  showed 

evidence  that  the  beam  had  struck  them  on  its  way  in  lending  support 

for  the  existence  of  radial  flow. 

The  other  conclusion  from  this  series  of  experiments  is  that  the 

2 

vary  large  area  anode  (314  cm  )  could  not  turn  on  an  anode  plasma 

during  the  50  ns  pulse  time  so  that  an  ion  induced  pinch  could  not  taka 

3 

place.  This  is  in  agreement  with  the  areal  velocity  on  aluminum 
2 

(■v  2  cm  /ns *100  kA)  which  brought  the  collapsing  hollow  ring  from  a 
radius  of  10  cm  to  a  radius  of  9  cm. 


Series  II  -  GAMBLE  I  Shots  #5837  and  5845 

For  these  shots,  the  same  aluminum  anodes  were  used  as  well  as  the 

same  inner  cathode.  However,  the  outer  cathode  had  finger  stock  mounted 

on  its  inner  edge  instead  of  an  insert  (Figure  5f) .  The  inner  cathode 

provided  the  required  bias  current  and  was  nearly  equal  to  —  I  for 

^o  C 

almost  the  total  pulse  time.  The  anodes  showed  little  edge  damage  and 
had  a  rear-surface  spall  of  1.1  cm  diameter  on  axis.  The  x-ray  pinhole 
photograph  for  shot  #5845  shows  a  7  mm  (FWHM)  pinch.  Figure  6  shows 
the  front  (  top)  and  back  of  the  anode  for  shot  #5845.  Mote  the 
slight  damage  at  the  inner  edge  of  the  screw  holes.  Figures  7  and  8 
show  the  diode  parameters  for  the  same  shot.  It  is  significant  to 
note  that  the  outer  cathode  did  not  turn  on  for  10-20  ns  after  the 
start  of  the  current  pulse.  When  the  outer  cathode  did  turn  on,  the 
inner  cathode  current  was  clamped  at  its  then  current  value  and 
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remained  nearly  equal  co  ^7-  I£  for  the  rest  of  the  pulse.  The  value 
at  which  the  inner  current  clamped  was  a  factor  of  two  below  its  oper¬ 
ating  value  when  used  without  the  outer  cathode.  This  agrees  with  our 
theoretical  expectations  of  the  effect  of  the  radial  electron  flow  on 
the  behavior  of  the  inner  cathode. 


Series  ITT  -  GAMBLE  I  Shots  -/5847-5851 

These  shots  were  identical  to  the  shots  in  Series  II  with  the 
addition  of  a  TRW  streak  camera  looking  at  the  ions  emitted  from  the 
anode.  The  ions  struck  the  silvered  side  of  an  optically-thin  slab  of 
Pilot-B  scintillator  covering  a  diameter.  The  scintillator  was  viewed 
with  the  streak  camera.  The  streak  camera  photographs  showed  that  there 
were  no  ions  emitted  at  large  radii  (compared  to  the  outer  radius  of  the 
inner  cathode)  although  there  were  some  ions  coming  from  just  outside 
the  inner  cathode. 

Series  IV  GAMBLE  I  Shots  05861-5868 

These  shots  had  a  45°  beveled  outer  cathode  insert  (Figure  5g) 
and  a  20.3  cm  or  20.6  cm  diameter,  45°  beveled  anode  (Figure  5c).  The 
reduced  radial  gap  meant  that  the  voltage  was  again  low  and  the 
required  bias  currant  not  supplied.  This  geometry  did  not  prove 
successful. 

Series  V  -  GAMBLE  II  Shots  *1731-1735 

For  the  first  series  of  shots  on  the  higher  power  GAMBLE  II 
generator,  20.6  cm  diameter,  45°  beveled  anodes  (Figure  5c)  and  an 
outer  cathode  with  finger  stock  mounted  on  its  inner  edge  (Figure  5f) 

were  used.  On  none  of  these  shots  was  the  — I  bias  current  supplied 

^o 
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Nevertheless,  shot  #1735  appeared  to  be  a  relative  success. 

Figures  9  and  10  show  the  diode  parameters  for  shot  it  1735.  The 
diode  operated  at  750  kV,  900  kA  with  a  flat,  0.8  .1  impedance  during  the 
plateau  of  the  voltage  pulse.  Two  things  should  be  noticed:  The 
bias  current  required  (350  kA)  to  vacuum  pinch  all  of  the  outer  current 
was  never  supplied,  and  there  was  no  delay  time  between  the  start  of  the 
inner  and  outer  currents.  Even  so,  400  kA  out  of  an  outer  current  of 
650  kA  should  have  vacuum  pinched. 

Figure  11  shows  the  front  (  top  )  and  back  of  the  anode  plate  for 
shot  it  1735.  Although  there  was  a  great  deal  of  damage  to  the  anode 
edge  due  to  the  250  kA  of  excess  current,  most  of  the  anode  outside 
of  the  inner  cathode  radius  is  relatively  undamaged.  Most  of  the 
apparent  damage  seen  in  Figure  11  is  aluminum  melted  by  the  pinch  and 
deposited  on  the  anode  surface.  The  x-ray  pinhole  photograph  confirms 
this  as  it  shows  relatively  little  x-rays  coming  from  the  region 
between  the  anode  edge  and  the  inner  cathode  compared  to  x-rays  from 
the  anode  edge.  This  provides  additional  support  for  our  theoretical 
expectation  that  YQ^C  will  pinch  with  the  excess  outer  current 
sloughing  off  to  the  anode  edge. 

Series  VI  -  GAMBLE  II  Shots  #1745-1748 

These  shots  were  identical  to  the  last  series  except  that  the 
outer  cathode  had  no  finger  stock  insert  (Figure  5d)  in  order  to  open 
the  radial  gap,  and  the  inner  cathode  was  a  2.5  cm  I.D.,  2.9  cm  O.D., 

30°  tapered,  hollow  cathode.  The  sharp-edged  center  cathode  tended  to 
either  not  supply  very  much  current,  or  to  short  out.  However,  for 
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shot  #1748,  the  biasing  criteria  was  satisfied  through  the  peak  of  the 
voltage  pulse  (1  MV)  but  was  not  satisfied  during  the  voltage  fall. 
Again,  the  x-ray  photograph  shows  little  radiation  between  the  anode 
edge  and  the  inner  cathode. 

Series  VII  -  GAMBLE  I  shots  #6431-6447 

This  last  series  of  shots  used  the  geometry  shown  in  Figure  4,  the 
design  of  which  was  based  on  considerations  described  earlier.  The 
electrical  characteristics  and  x-ray  photographs  showed  that  this  new 
geometry  almost  always  met  the  biasing  criterion  and  that  there  were  few 
or  no  x-rays  from  the  anode  edge.  Also,  this  diode  operated  with  a 
shot-to-shot  reproducibility  of  10%  in  current  and  voltage.  Figures  12 
and  13  are  the  averaged  diode  behavior  for  the  five  shots  6442-6446.  As 
was  typical  of  the  earlier  successful  GAMBLE  I  shots,  there  is  alQ-20ns 
time  delay  between  the  start  of  the  total  current  and  the  start  of  the 
outer  current. 

In  order  to  study  the  ion  current,  the  anode  was  modified  by 
drilling  a  1.3  cm  diameter  hole  on  axis  and  mounting  a  2  cm  diameter 
disk  of  120  ,j.m  polyethylene  over  the  hole.  The  anode  was  recessed 
slightly  over  the  central  2  cm  so  that  the  polyethylene  disk  would  not 
protrude.  The  mylar  anode  covering  was  cut  away  to  expose  this  disk. 

The  result  of  activation  measurements  on  this  system  indicates  that 
ion  current  densities  of  approximately  4  kA/cra  flow  in  the  2.5  cm 
diameter  hole  of  the  center  cathode.  These  preliminary  results  will 
be  further  investigated. 
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IV.  CONCLUSIONS 


A  comparison  or  analytic  theory,  numerical  simulation  results,  and 
experiments  indicates  that  bias  current  pinching  via  paravector- 
potential  flow  may  indeed  be  realized.  Detailed  geometries  of  diodes 
specifically  designed  to  allow  a  smooth  transition  from  a  PVP  flow 
at  large  radii  to  an  ion  induced  pinch  flow  at  small  radii  were  studied. 
With  careful  optimization,  it  may  be  possible  to  create  very  efficient 
electron  pinches  from  large  aspect  ratio  diodes. 

It  has  been  shown  that  the  PVP  diode  concept  allows  the  multi¬ 
plication  of  the  total  current  of  a  single,  tapered,  hollow  cathode  by 
a  factor  of  yQ  without  changing  the  geometry  of  the  hollow  cathode. 

In  addition  a  fraction  (1-  Vy  )  of  this  current  may  be  electron  current 

o 

independent  of  the  diode  aspect  ratio  or  impedance.  This  contrasts 

with  single,  hollow  cathodes  which  rely  on  ion  induced  pinching  and 

contain  a  smaller  fraction  of  their  total  current  in  electron  current. 

The  same  diode  may,  however,  operate  with  a  bias  current  exceeding  I 

^o 

by  allowing  efficient  ion  production  inside  the  center  cathode.  Pre¬ 
liminary  results  are  encouraging  and  will  be  investigated  further. 
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Fig.  8  —  Inner,  outer,  total  and  theoretical  bias  current  for  shot  #5845. 
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Fig.  11  —  Aluminum  anode  for  shot  -1735. 


24 


Current  (I05A) 


Time  (ns) 


Fig.  13  —  Average  inner,  outer,  total,  and  theoretical  bias  current  for  shots  =6442-6446. 
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COMPUTATIONAL  STUDY  OF  MAGNETIC  DAM  EFFECTS 
IN  A  HIGH  IMPEDANCE  DIODE 


I.  INTRODUCTION 

The  NRL  Light  Ion  Fusion  Program  has  experimentally  demonstrated  high 
efficiencies  for  the  production  of  light  ion  beams  using  low  impedance 
diodes.  On  Gamble  II  in  1-2  ohm  operation  well  over  70%  of  the  diode  power 
is  typically  carried  by  the  ions. ^*2  Current  and  planned  experiments  call 
for  the  design  and  use  of  diodes  on  the  high  impedance  pulsed  power  generators 
of  Harry  Diamond  Lab's  AURORA  and  Sandia  National  Lab's  PBFA  II  modules. 

Since  impedance  matching  is  essential  for  efficient  transfer  of  power  from 
the  machine  to  the  diode,  these  new  diodes  must  be  designed  for  4-20  ohm 
operation.  Unfortunately,  it  has  been  experimentally  determined  that 
efficiencies  of  only  20-50%  can  be  obtained  in  this  operating  regime  using 
traditional  axial  diode  configurations . 3  The  development  of  techniques  for 
boosting  these  relatively  low  ion  production  efficiencies  is  today  the 
subject  of  intense  research  and  speculation.  This  paper  reports  on  the 
results  of  one  such  theoretical  effort-  Although  the  specific  diode  design 
which  was  simulated  did  not  achieve  the  desired  boost  of  ion  efficiency,  an 
examination  of  its  shortcomings  clearly  indicates  both  a  cause  as  well  as 
possible  solutions.  These  observations  bear  on  high  impedance  axial  diodes 
in  general  and  lend  a  new  insight  into  their  peculiarities  which  may 
eventually  assist  in  a  design  breakthrough. 

Specifically,  the  diode  geometry  under  consideration  here  would  be 
suitable  for  operation  on  AURORA.  It  is  drawn  to  scale  in  Figure  1  with  all 
significant  dimensions  given,  as  indicated,  in  centimeters.  Although  the 
latest  NRL/AURORA  ion  diode  has  an  anode  stalk  almost  25  cm  in  radius ,  its 
cathode  shank  remains  about  5  cm  in  rad-us.  The  differences  caused  by 
modifications  to  the  electric  field  beyond  R  =  7  cm  are  assumed  to  be 
minor,  since  they  do  not  directly  effect  electron  motion  in  the  active 
anode-cathode (A-K)  gap.  The  diode  modeled  was  chosen  for  positive  polarity 
operation.  That  is,  the  resultant  ion  beam  would  be  traveling  through  the 
cathode  shank  in  a  direction  away  from  the  generator  and  pulse-forming  line. 
The  inner  and  outer  radii  of  the  vacuum  feed  line  are  8.0  and  10.0  centimeters 
respectively.  The  anode  is  a  simple  hollow  cylinder  with  a  wall  one-half 
centimeter  thick  which  is  capped  by  two  4  mil.  polyethylene  foils  separated 
by  a  one-quarter  centimeter  vacuum  gap.  It  is  important  that  the  electron 
beam  traveling  through  the  cell  behind  the  anode  foil  be  charged  and  current 
neutralized.  It  is  widely  believed  that  a  gas  fill  at  several  torr  pressure 
cculd  provide  the  assumed  neutralization.  A  thin  wire  is  located  along  the 
anode's  central  axis  and  is  electrically  connected  to  it  via  the  inner  foil. 
Current  of  arbitrary  magnitude  may  be  fed  through  this  wire  from  an  external 
source  which  is  independent  of  the  pulsed  power  generator.  Such  a  current 
of  Iw  amperes  will  create  an  azimuthal  magnetic  field  behind  the  foil  of 
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magnitude  0 • 2IW  gauss.  If  sufficiently  strong,  this  3g  can  bend  the 

r 

trajectories  of  electrons  entering  the  anode  gas  cell  near  r  =  0  in  such  a 
way  as  to  "reflect”  them  out  of  the  anode  foil  again  at  a  higher  radius. 

This  effective  barrier  against  axial  electron  flow  is  the  essence  of  the 
magnetic  dam  concept.  It  is  seen  as  a  possible  mechanism  for  increasing  the 
average  lifetime  of  a  typical  electron  in  the  anode-cathode  ( A-K)  gap.  This 
should  increase  electron  space  charge  for  a  given  electron  current,  increasing 
the  net  ion  emission. 

In  the  given  diode ,  the  A-K  gap  was  chosen  to  be  one  centimeter  to 
allow  approximately  6-3  ohm  impedance  at  the  fixed  4  megavolts  applied. 
Finally,  the  hollow  cathode  has  an  outer  radius  of  5.0  cm.  with  1.0  cm.  shank 
thickness.  A  4  mil  polyethylene  foil  is  recessed  0.6  cm  into  the  shank  to 
enclose  a  low-pressure  gas  fill  similar  to  that  of  the  anode  and  serving  a 
similar  charge/current  neutralization  role  for  the  emerging  ion  beam.  This 
cathode  gas  cell  plays  no  part  whatsoever  in  this  simulation. 

The  analysis  of  this  diode  begins  in  Section  II  with  a  theoretical 
discussion  of  the  "magnetic  dam"  principle.  This  will  explain  the  motivation 
for  conducting  the  simulation.  Section  III  will  transition  into  the  actual 
numerics  of  the  modeling,  examining  the  details  of  the  cede  that  was  employed. 
Specific  approximations  and  assumptions  used  in  the  model  will  be  pointed  out. 
This  report  will  conclude  in  the  fourth  section  with  a  presentation  of  the 
simulation  results  complete  with  suggestions  for  follow-on  work. 


II.  THEORY  OF  THE  MAGNETIC  "DAM" 

The  treatment  of  electron  trajectories  in  an  azimuthal  magnetic  field 
and  in  the  absence  of  an  electric  field  may  be  derived  from  an  analysis  of 
ion  orbits  due  to  Goldstein  and  Ottinger.4  The  particle  orbits  may  be 
determined  from  a  simple  conservation  of  energy  principle.  Consider  an 
electron  traveling  at  velocity,  v,  impinging  on  the  anode  foil  at  some 
angle,  ?,  and  entering  the  anode  gas  cell  at  radius,  Rq,  as  shown  in  Figure  2. 
In  the  gas  cell,  it  is  assumed  to  be  acted  upon  only  by  the  azimuthal  magnetic 
field  there.  Its  energy  must  therefore  remain  constant  and 


constant , . 


(1) 


where 


(2) 


For  am  electron  which  has  just  crossed  a  cathode-anode  gap  with  electric 
potential  difference,  V,  in  megavoits,  it  may  be  further  written  that 


Y  -  1  + 


V 

0.511 


(3) 


From  Figure  2 , 


v  =  v  sino. 


(4) 
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(5) 


Combining  Eqs . 


(1)  , 


(3) ,  and  (4)  yields 


Furthermore,  Eqs.  (2)  and  (4)  give  a  direct  expression  for  the  time 
dependence  of  the  electron's  radial  velocity  in  the  gas  cell, 
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The  force  acting  upon  the  electron  is  given  by  the  relativistic  Lcrentz 
Law  to  be 
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where  mQ  is  the  electron  rest  mass.  This  equation  may  be  rearranged  and 
integrated  from  the  foil  entry  point  (0,Ro,0)  out  to  some  point  along  the 
electron's  trajectory  in  the  cell  to  yield 
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Bg (r)  dr 


(8) 


As  stated  previously,  the  magnetic  field  in  the  gas  ceil  generated  by  a 
current,  Iw,  flowing  through  the  axial  wire  is  simply  Bg (r)  =0.2  Iw/r. 
Equation  (3)  may  thus  be  rewritten  as 
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where 


X  (r)  = 


0.2  e 


*o  c  vzo  Y 


Iw  ln  - 


(10) 


with  Iw  expressed  in  amperes  and  all  other  quantities  in  c.g.s.  units. 

®  The  orbit  expression  linking  r  explicitly  to  z  is  simply  the  ratio  of  the 

respective  velocity  components  given  in  Eqs.  (6)  and  (9), 

dr  _  vr  _  ±  Vsin~2  9-1  +■  x  (r)  (2-x  (r))~  (11) 

dz  1  -  x  (r) 

• 

The  integration  of  Eq.  (11)  yields  the  exact  trajectory  of  an  electron 
traversing  the  gas-filled  anode  for  specific  values  of  9,  V,  lw,  and  Rq. 

It  is  instructive  to  calculate  sample  orbits  for  various  combinations 
of  parameters.  In  all  cases,  V  is  fixed  at  4.0  megavolts  in  order  to 
•  correspond  to  realistic  AURORA  ion  diode  operations.  Useful  choices 

for  Iw  can  be  estimated  by  a  rather  simple  calculation.  Consider  a  4  MeV 
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electron  with  an  entrance  angle  of  90°  beginning  its  gas  cell  trajectory 
at  a  radius  of  1.0  centimeter.  Assume  that  it  remains  in  a  uniform 
azimuthal  magnetic  field  of  magnitude  equal  to  that  found  at  the  exact 
center  of  its  circular  gyration  in  the  actual  gas  cell.  Therefore,  for  a 
desired  exit  radius  of  5.0  centimeters,  the  value  of  (r)  at  r  =  3.0  cm- 
is  taken  as  a  constant  over  the  entire  electron  trajectory.  In  order  to 
generate  the  field  strength  needed  for  a  2.0  centimeter  relativistic 
gyroradius ,  a  wire  current  of  63.75  kiloamps  is  required.  This  reasoning 
leads  to  the  following  selection  of  values  for  Iw  to  be  tested:  65  kA, 

130  kA,  and  300  kA. 

For  the  first  set  of  sample  orbits,  an  entrance  angle  of  5  =  90°  is 
chosen.  This  choice  leads  to  an  orbit  equation  given  by 

dr  *  V'(lr)  (2-v(D) 

dz  "  l-X(r)  U  J 

The  trajectories  for  =  1.0  and  RQ  =  2.0  cm.  are  plotted  in  Figure  3. 

It  can  be  seen  that  Iw  =  65  kA  generates  too  weak  a  field  to  reflect 
electrons  with  RQ  greater  than  1.0  cm.  back  into  the  A-K  gap.  The  orbit 
for  RQ  =  1.0  cm  is  marginal.  On  the  other  hand,  Iw  =  130  kA  produces  the 
desired  effect  for  R_,  less  than  2.0  cm  and  the  I  =  300  kA  case  is  even 
better. 

In  a  realistic  pinch  reflex  diode  configuration  such  as  that  being 
modeled,  one  expects  to  see  a  focused  electron  flow  in  which  electrons 
magnetically  self-pinch  to  smaller  radii  as  they  cross  the  gap.  It  is 
therefore  important  to  attempt  a  similar  orbit  calculation  for  non-normally 
incident  electrons.  A  reasonably  straightforward,  yet  probably  illustrative 
example  would  be  electrons  entering  the  gas  cell  at  45°.  This  choice  of  9 
reduces  Equation  (11)  to 

dr  =  tVl+x  (r)  (2-x  (r))  (13) 

dz  1-X (r) 

A  new  set  of  sample  orbits  is  calculated  and  shown  in  Figure  4. 

Comparison  of  the  two  sets  of  plots  reveals  immediately  that  non¬ 
perpendicular  injection  leads  to  electrons  exiting  the  gas  cell  at 
significantly  lower  radri.  This  is  reasonable  considering  the  longer 
period  of  time  a  given  electron  spends  in  regions  of  relatively  higher 
magnetic  field  strength.  Their  orbits  consequently  experience  greater 
l  =nding.  The  overall  effect  for  all  but  the  65  kA  cases  is  the  satisfactory 
reflection  of  all  electrons  with  RQ  <  2.0  cm  back  into  the  anode-cathode  gap 
where  they  can  enhance  ion  emission. 

III.  THE  NUMERICAL  SIMULATION 
A.  The  Simulation  Code 

The _computer  code  utilized  in  these  studies  is  a  2-D  version  of  the 
24-0  DIODE2D-5  particle-in-cell  (P.I.C.)  code.  Inhomoger.eities  are  allowed 
in  the  radial  (r)  and  axial  (z)  spatial  dimensions.  Complete  azimuthal 
symmetry  is  assumed.  In  addition  ,  the  r-  and  z-  momentum  components  are 
retained.  The  "particles"  in  this  model  are  axially-centered  rings  of  charge. 
In  reality  they  are  macroparticles  carrying  many  times  an  elementary  charge 
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but  retaining  the  physical  charge-to-mass  ratios  of  the  protons  and  electrons 
which  they  represent.  Area  weighting  (i.e.  ,  linear  interpolation)  is  used 
to  couple  these  charges  with  the  electric  and  magnetic  fields  calculated 
over  a  fixed  set  of  grid-points  in  the  region  of  interest.  The  fields  thus 
interpolated  to  the  particle  positions  act  on  these  charge-current  rings  by 
way  of  the  relativistic  Lcrentz  force  equation.  The  field  treatment  is 
electrostatic.  In  this  sense  the  code  does  not  perform  a  true  "simulation" 
since  the  time -dependent  equations  are  not  observed.  Rather  the  treatment 
is  "quasistatic".  Equilibrium  solutions  to  various  diode  geometries  are 
sought.  The  "timesteps"  which  appear  in  the  code  are  actually  snapshots  of 
the  system  while  it  seeks  to  relax  toward  its  steady-state  configuration. 

In  order  to  determine  the  electric  field  within  the  diode  region,  particle 
charge  densities  are  distributed  over  a  fixed  grid  and  the  discrete  Poisson's 
equation  is  solved.®  The  code  permits  irregular  conducting  boundaries  inside 
the  computational  region.  The  treatment  of  such  internal  boundaries  entails 
the  use  of  a  "capacitance  matrix".  The  internal  surfaces  thus  created  are 
held  at  predetermined  electric  potential  values.  Direct  radial  integration 
of  the  axial  current  densities  over  the  mesh  yields  the  azimuthal  magnetic 
field  via  Ampere's  Law.  The  outer  radial  boundary  of  the  diode  region  may 
be  either  conducting  or  free-space.  The  electrostatic  potential,  o  ,  is 
set  constant  along  all  conducting  boundaries.  Along  radial  free-space 
boundaries,  '~p  is  graded  logarithmically  and  along  axial  ones,  linearly. 

At  the  start  of  a  typical  computer  run,  the  computational  diode  region 
is  a  complete  vacuum  devoid  of  particles.  The  electric  potential  is  pre-set 
along  the  entire  boundary  as  well  as  along  all  internal  conducting  surfaces. 
The  emission  of  the  ions  is  permitted  anywhere  along  fixed  regions  of  the 
anode  surface.  Electrons  are  emitted  along  the  entire  cathode,  including  the 
inner  and  outer  shank  surfaces.  The  value  of  the  perpendicular  electric 
field  at  a  given  emission  point  determines  the  total  charge  (i.e.,  number  of 
particles)  that  will  be  emitted  there.  At  the  beginning  of  a  timestep,  the 
electric  field  at  a  surface  specifies  the  net  charge  density  on  the  surface 
via  Gauss’  Law.  The  surface  integral  of  this  density  over  a  cell  width 
around  a  given  grid  point  yields  the  net  charge  which  is  emitted  there  for 
that  timestep.  Prior  to  the  actual  particle-pushing  the  electric  field  is 
recalculated  taking  into  account  the  newly  emitted  charge. 

All  particles  are  then  pushed  according  to  the  relativistic  Lorer.tz 
force  law  using  the  area  weighted  electric  and  magnetic  field  values  inter¬ 
polated  at  the  particle  position  from  the  four  nearest  grid  points.  After 
pushing  in  each  timestep  a  position  check  is  performed  on  each  particle  to 
determine  if  it  is  inside  a  conductor  or  outside  the  mesh  boundaries.  If  so, 
the  particle  is  appropriately  absorbed  and  so  recorded.  Cn  the  other  hand 
if  it  is  an  electron  in  an  anode  foil,  then  it  is  passed  to  a  scattering  sub¬ 
routine  which  employs  a  one-step  Monte  Carlo  algorithm  to  calculate  energy 
loss  and  deflection.  Upon  completion  of  this  sorting  process,  the  charge 
and  current  density  associated  with  each  unabsorbed  particle  is  distributed 
over  the  four  nearest  grid  points  using  the  same  linear  interpolation  scheme 
in  reverse.  This  yields  a  complete  array  of  values  for  the  charge  density, 

P  ,  and  the  current  density,  J2 ,  over  the  computational  mesh.  Poisson  sol¬ 
ving  these  arrays  yields  y  from  which  E?  and  Ez  are  calculated.  The  azi¬ 
muthal  component  of  3  is  obtained  through  direct  integration  of  J-.  over  the 
grid.  Quantities  of  interest  are  then  extracted  and  output  via  diacnostic 
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subroutines.  The  code  then  cycles  to  the  next  timestep  for  particle 
emission. 

Finally,  it  should  be  noted  that  the  numerics  of  the  particle  pushing  as 
well  as  the  potential  solving  has  been  completely  "vectorized".  Thus,  the 
momentum,  position,  and  field  components  associated  with  the  entire  ensemble 
of  particles  are  treated  as  macro-vector  quantities.  Arithmetic  operations 
performed  with  them  are  accomplished  in  a  completely  vector-array  format. 

This  property  of  the  code  permits  efficient  running  times  on  the  most  ad¬ 
vance  scientific  computers.  (Of  course,  the  interpolation  of  P,  J,  E,  and 
B  values  between  particle  positions  and  grid  points  requires  random  accessing 
of  array  points  and  this  process  cannot  be  vectorized.) 

3.  The  Computational  Experiment 

At  the  outset  of  this  simulation,  as  with  any  other,  great  care  was  taken 
to  minimize  the  numerical  complexity/cost  while  preserving  all  aspects  of  the 
essential  physics  to  be  treated  in  the  problem.  It  was  this  desire  to  min¬ 
imize  expense  that  motivated  Che  use  of  a  2-D  version  of  DIODEGD  rather  than 
its  standard  2*j-D  form.  (The  standard  version  allows  for  solution  of  self 
3r  and  3Z  field  components  which  are  never  generated  here.)  The  second  most 
significant  economization  involved  the  minimization  of  the  physical  size  of 
the  computational  region.  It  was  deemed  uneconomical  as  well  as  physically 
unimportant  to  fill  the  entire  diode  cavity  with  the  numerical  grid.  As  can 
be  seen  from  Figure  1,  that  would  result  in  a  mesh  measuring  about  six  centi¬ 
meters  axially  by  ten  radially  and  would  waste  computational  effort  by 
including  space  devoid  of  particles.  Instead,  the  axial  extent  of  the  grid 
was  bounded  by  the  plane  of  the  cathode  foil  and  by  the  inner  anode  foil. 
Similarly,  its  radial  limit  was  set  as  the  inner  radius  of  the  anode  cylinder. 
The  only  obstacle  to  this  reduction  of  grid  extent  was  the  free-space  part 
of  the  new,  artificial  boundary.  DI0DE2D's  field  solving  algorithm  requires 
fixed  potential  values  along  all  the  boundaries.  For  the  full  diode  with  its 
conducting  walls  this  is,  of  course,  no  problem.  Even  the  open  segment  of 
the  vacuum  feed  line  entrance  is  trivial,  since  a  simple  logarithmic  poten¬ 
tial  grading  can  be  used  there  (assuming  the  presence  of  no  particles  there) . 
The  setting  of  potential  values  along  the  new,  ad  hoc  boundaries  cannot  be 
accomplished  intuitively.  Instead,  a  two-step  process  is  employed.  First, 
a  capacitance  matrix  field-solve  is  carried  out  for  the  entire  diode  cavity 
as  pictured  in  Figure  5.  It  is  assumed  that  no  "sources"  (i.e.  charges  or 
currents)  are  present  anywhere.  Then  the  new  "boundaries"  are  located  as 
indicated  by  the  dotted  lines,  and  the  free-space  potential  values  are  noted. 
Finally  the  new  computational  region  is  set  up  with  those  values  imposed 
along  the  appropriate  edges.  As  long  as  no  particles  stray  too  "near"  those 
ends,  J?  should  remain  fairly  constant  there.  In  any  case,  the  bulk  ion  and 
electron  flow  should  be  too  "remote"  to  feel  any  peripheral  abnormalities . 

The  vacuum  potential  solution  for  the  actual  simulation  grid  is  shown  in 
Figure  6.  Note  that  the  axial  scaling  is  much  finer  than  the  radial  in  order 
to  more  fully  appreciate  the  field  profiles. 

The  final  computational  grid  is  depicted  in  Figure  7.  It  is  spanned  by 
66  data  cells  in  the  axial  dimension  and  77  radially.  Poisson-solving  is 
accomplished  on  the  interior  64  X  75  mesh,  leaving  a  monolayer  of  "guard” 
cells  along  the  boundary.  Simple  Gaussian  field  emission  of  electrons  is 
permitted  all  along  the  heavy-lined  surfaces  of  the  cathode  as  shown  in  the 
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figure.  The  same  is  true  for  ion  emission  along  the  outer  surface  of  the 
anode  foil.  Note  that  no  electron  emission  is  allowed  in  either  the  region 
around  point  (2,39)  of  the  inner  cathode  shank  surface  or  along  the  rear  of 
the  outer  shank.  Electric  field  values  are  expected  to  be  too  imprecise 
there.  The  timestep  was  fixed  at  1.5xl0"12  second  for  most  of  the  runs  pre¬ 
sented  although  smaller  timesteps  were  used  near  steady  state  to  test  the 
stability  of  the  equilibria.  Another  interesting  point  is  the  numerical 
"thickness"  of  the  outer  anode  foil.  Although  physically  treated  as  A.O  mil 
thick  polyethelene  by  DI0DE2D's  electron  scattering  algorithm,  this  foil  spans 
three  full  cells  spatially.  This  is  an  artifact  to  ensure  that  no  electron 
will  be  able  to  traverse  the  foil  in  a  single  timestep.  Since  no  fields  act 
on  particles  inside  the  foil,  this  false  thickness  does  not  impact  on  the 
physics  of  the  simulation  itself.  Among  the  most  important  of  the  code 
diagnostics  are  a  complete  record  of  time-averaged  emission  and  absorption 
profiles  for  each  of  the  surfaces,  sample  particle  position  plots,  and 
electrostatic  equipotential  plots. 

The  numerical  implementation  of  the  physics  of  the  magnetic  dam  involved 
non-trivial  manipulation  and  reorganization  of  the  standard  DI0DE2D  algo¬ 
rithms.  The  region  inside  the  gas  cell,  behind  the  inner  anode  foil  was 
designed  to  be  completely  free  of  all  electric  and  magnetic  fields  except  for 
the  azimuthal  3-field  due  to  the  current-carrying  wire  along  the  axis.  There¬ 
fore,  no  solutions  of  Poisson's  equation  nor  radial  integrations  of  Ampere's 
law  were  necessary  there.  Only  Bq  =  0.2  Iw/r  need  be  enforced.  Thus,  no  ex¬ 
tension  of  the  field-solving  and  charge/current  apportionment  mesh  was  called 
for.  Instead,  the  standard  electron-absorbing  character  of  the  rightmost 
boundary  was  changed  to  complete  transparency  to  electron  flow.  The  particle 
accounting  routines  in  the  simulation  were  charged,  such  that  an  electron 
hitting  chat  edge  was  not  removed  from  the  "active"  particle  list.  Instead, 
it  was  given  a  special  "label"  which  told  the  particle  pushing  subroutine  to 
act  on  it  only  with  a  Bg  appropriate  to  its  radial  displacement,  r,  and  to 
the  Iw  chosen  for  the  wire  current. 

IV.  RESULTS 


In  the  initial  simulation  runs,  the  diode  voltage  was  set  at  four  mega¬ 
volts  and  electron  emission  was  turned  on  all  along  those  cathode  surfaces 
indicated  in  Figure  7.  To  limit  the  diode  impedance,  proton  emission  along 
the  anode  foil  was  not  permitted  beyond  a  radius  of  5.0  centimeters.  The 
early  development  of  electron  and  ion  flow  patterns  proceeded  as  illustrated 
in  "igures  8a  and  8b.  In  each  plot  of  sample  particle  positions,  note  that 
the  axial  and  radial  dimension  scales  are  not  the  same.  Each  frame  measures 
7.5  cm  radially  and  just  under  two  centimeters  axially.  The  lower  border 
of  each  frame  is  the  diode  centerline.  In  looking  at  these  pictures,  bear  in 
mind  that  these  are  glimpses  of  a  quasi-static  simulation  of  particle  flows 
trying  to  relax  into  a  steady  state.  They  do  not  represent  the  actual  evolu¬ 
tion  of  the  physical  system.  Only  the  final  picture  for  each  set  of  para¬ 
meters  may  coincide  with  experimentally  realizable  diode  operation.  It  is 
chose  final  steady-state  pictures  which  comprise  the  core  of  the  simulation 
results.  One  other  thing  to  bear  in  mind  is  that  in  a  physical  diode,  ion 
emission  is  not  generally  initiated  simultaneously  with  electron  emission. 
Rather,  time  integrated  electron  flow  to  the  anode  foil  deposits  either 
sufficient  amounts  of  energy  over  the  impact  regions  to  cause  vaporization 
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and  ionization  or  sufficient  amounts  of  charge  to  cause  surface  flashover  and 
ionization.  In  either  case,  the  anode  plasma  thus  formed  acts  as  the  source 
for  protons  in  the  diode. 

Keeping  in  mind  that  only  the  equilibrium  state  will  be  "correct"  it  is 
nevertheless  instructive  to  follow  the  sequence  of  events  in  Figure  8.  At 
T  =  200  At  the  newly  emitted  ions  have  bearly  moved.  The  electron  flow 
governed  by  its  strong  self-fields  takes  the  form  of  two  distinct  streams. 

The  numerical  restriction  of  particle  emission  strictly  to  data  cell  centers 
allow  for  streamline  tracing  in  all  but  the  turbulent  regions.  In  this  far- 
from-steady  condition,  the  electron  current  emitted  is  about  580  kiloamps, 
while  that  collected  is  a  mere  240  kA.  Emitted  ion  current  is  erratic,  but 
appears  to  be  around  150  kA.  At  T=400  At,  the  ions  have  advanced  signifi¬ 
cantly  with  those  at  lower  radii  making  up  the  vanguard  due  to  the  electric 
field  enhanced  by  the  focused  electron  charge  near  R  =  0  at  the  anode. 
Attracted  by  the  previously  unneutralized  ion  space  charge,  the  electron 
flow  has  unified  into  a  single,  neatly  reflexing  stream.  (Note  that  in  this 
run,  the  inner  anode  foil  which  forms  the  rightmost  boundary  of  each  frame  is 
taken  to  be  an  electron-absorbing,  solid  conductor.)  Notice  that  the  regions 
or  densest  electron  space  charge  at  lower  radii  correspond  to  the  space 
occupied  by  the  advancing  ion  front.  The  net  emitted  and  collected  electron 
currents  are  600  and  300  kiloamps,  respectively,  while  ion  emission  has  risen 
to  about  350  kA.  Turning  to  Figure  3b,  T=  600  At  reveals  the  ion  front 
racing  along  near  its  full  velocity.  It  is  just  about  to  make  contact  with 
face  of  the  cathode  shank.  Two  important  characteristics  of  the  electron 
flow  deserve  mention:  1)  this  flow  is  strongly  pinched  toward  the  center  of 
the  anode  without  much  apparent  reflexing  (very  typical  of  high  impedance 
diodes) ,  and  2)  most  of  the  electron  space-charge  is  concentrated  in  regions 
containing  ion  charge.  At  this  time  (Ie)  if.  =  600  kA,  (Ie)coll  *  300  kA, 
and  (li)emit  *  230  kA.  Finally,  by  T  *  800  At,  the  near-equilibrium  flow 
has  set  in.  Electrons  completely  fill  the  inner  diode  cavity.  The  strongly 
pinched  electron  flow  remains  while  the  ion  streams  are  fairly  uniform.  A 
word  of  caution  —  the  sparsely  dotted  area  in  the  ion  picture  is  an  artifact 
of  the  non-random  particle  plotter;  it  does  not  translate  to  an  actual  absence 
of  ions  there.  This  configuration  was  allowed  to  continue  for  additional  200 
times tepa.  At  that  point  (see  Figure  9),  the  equillibrium  currants  were 
Ie  =  326  kA  and  1^  =  287  kA.  This  total  current  of  613  kiloamps  translated 
to  an  impedance  of  6.5  0  which  was  too  low  for  our  desired  operating  regime. 

In  order  to  correct  this,  ion  emission  from  the  anode  foil  was  "turned 
off"  opposite  the  cathode  shank.  This  could  be  accomplished  experimentally 
by  overlaying  the  anode  foil  with  a  metal  foil  there.  Protons  were  then 
only  injected  from  R  »  0  out  to  the  last  cell  just  below  the  shank  inner 
radius,  R  =  4.0  cm.  The  system  evolved  for  another  1000  timesteps  to  the 
flow  pattern  depicted  in  Figure  10.  Very  little  change  from  the  electron 
flow  of  Figure  9  can  be  detected.  At  this  stage,  note  that  the  inner  anode 
foil  is  still  taken  to  be  a  solid,  electron-absorbing  surface.  The  new 
quasi-static  currents  were  Ig  =  264  kA  and  1^  =  214  kA,  yielding  a  net 
impedance  of  8.4  Q  for  the  diode.  This  was  chosen  as  the  reference  steady- 
state  against  which  the  magnetic  dam  results  are  to  be  compared. 
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Fig.  10  —  Steady -state  particle  positions  for  I„  »  0  with  restricted  ion  emission 


Retaining  the  same  voltage,  geometry  and  emission  surfaces  as  those 
used  for  the  3.4  3  reference  case,  the  magnetic  dam  was  then  "turned  on"  by 
sending  65  kA  through  its  central  wire.  The  new  particle  positions  for  T= 
2400  At  are  shown  in  Figure  11.  There  are  two  things  immediately  apparent : 
first,  the  radial  deflection  of  the  electron  flow  due  to  the  gas  cell  is  un¬ 
acceptably  large  as  might  have  been  predicted  from  Figures  3  and  4  and, 
second,  an  improved  particle  position  plotter  is  required  in  which  the  z  - 
range  is  extended  into  the  "gas  cell"  so  that  the  electrons  there  can  be 
plotted.  To  remedy  the  first  problem,  Iw  was  doubled  to  130  kiloamps.  In 
order  to  alleviate  the  second,  the  axial  width  of  the  plotting  page  was  in¬ 
creased  from  64  AZ  to  100  AZ  *  3.0  centimeters.  3efore  moving  on  to  this 
new  case ,  it  was  recorded  that  the  quasi-static  currents  were  1  =  3C9  kA 

and  I,  =  232.5  kA.  A  true  steady-state  had  not  been  reached,  out  it  was 

decided  not  to  invest  additional  funds  to  pursue  such  a  non-promising  run. 

In  addition  to  the  doubling  of  Iw,  the  double  anode  foil  configuration 
was  eliminated  for  the  remainder  of  the  simulation  runs.  Referring  back  to 
Figure  1,  the  inner  foil  to  which  the  wire  was  originally  attached  has  now 
been  completely  removed.  The  quarter-centimeter  vacuum  gap  is  now  treated 

numerically  the  same  as  the  rest  of  the  gas  cell  with  the  wire  now  running 

all  the  way  to  the  outer  anode  foil.  To  accomplish  this  change  in  physical 
set-up  required  only  the  shifting  of  the  electron  "flag"  setting  boundary 
from  Z  =  64  A  Z  to  Z  =  56  A  Z  (  See  discussion  at  end  of  Section  III) .  The 
original  double-foil  configuration  probably  contributed  little  to  the  mag¬ 
netic  dam  physics  but  only  served  the  practical  experimental  purpose  of  re¬ 
taining  a  solid  Iw  current  path  for  use  after  vaporization  of  the  outer, 
proton-source  anode  foil. 

As  already  stated,  the  first  run  using  this  new  configuration  was 
carried  cut  for  the  case  of  Iw  *  130  kiloamperes.  Snapshots  of  the  equili¬ 
brium  electron  and  ion  flows  sure  shown  in  Figure  12.  It  appears  that  sign¬ 
ificant  electron  flow  still  extends  beyond  the  right  boundary,  1.32  centi¬ 
meters  from  the  anode  foil.  Referring  back  to  Figure  4,  this  should  not  be 
surprising.  Electron  trajectories  beginning  at  R  =  2.0  cm  at  45c  extend  al¬ 
most  1.9  cm.  into  the  gas  ceil.  The  even  steeper  angle  injection  suggested 
by  the  cathcde-to-ancde  electron  streaming  should  easily  account  for  even 
wider  ranging  electrons  at  lower  radii.  One  particularly  disappointing  as¬ 
pect  of  the  picture  is  the  configuration  of  the  electron  charge  density  at 
the  anode.  An  enhanced  electron  cloud  can  clearly  be  seen  behind  the  anode 
foil,  in  the  gas  cell.  Only  a  very  thin  electron  layer  appears  in  front 
of  the  foil  where  it  is  needed  to  enhance  the  ion  emission.  This  observation 
is  borne  out  in  the  equilibrium  diode  currents  of  I  =  330  kA  and  Ii  =  244 
kA.  The  ion  current  increase  is  modest  over  the  Iw  =  0  case.  Much  more 
significant,  however,  is  the  even  greater  increase  in  the  electron  current. 
The  net  result  has  been  a  decrease  in  diode  impedance  of  over  one  ohm  while 
the  ion  production  efficiency  has  actually  dropped  slightly.  This  is  a 
crucial  point  which  will  be  discussed  later. 

One  obstacle  that  may  be  impeding  the  increase  of  ion  efficiency 
is  the  wide  disparity  between  the  strengths  of  the  oppositely  directed  3q 
fields  on  either  side  of  the  anode  foil.  These  fields  are  proportional  to 
the  respective  axial  currents  which,  inside  R=5.0  cm,  are  -574  kA  on  the 
left-hand  side,  and  +130  kA  on  the  right-hand  side.  Clearly,  any  electron 
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reflected  back  into  the  A-K  gap  will  be  quickly  turned  back  into  the  gas  cell. 
It  "r"  position  will  also  be  increased,  resulting  in  a  net  outward  radial 
electron  flow.  Thus,  judging  from  the  orbits  of  Figure  3  and  4,  a  typical 
electron  night  be  bent  back  inco  the  anode-cathode  gap  once  below  a  radius 
of  four  centimeters.  There,  it  will  see  a  reverse  3g  approximately  three 
times  as  great  as  that  in  the  dam  gas  cell.  After  a  gap  drift  time  relatively 
short  in  comparison  to  that  in  the  gas,  the  electron  will  be  reflected  back 
through  the  foil  into  a  3q  considerably  weaker  than  that  it  had  experienced 
in  its  previous  trek  through  the  gas.  Thus,  this  "relative  dwell  time" 
problem  snowballs  with  increasing  radius  as  the  gas  Bg  decreases,  while  the 
gap  3q  increases.  Reflected  electrons  spend  progressively  less  a 
fraction  of  their  time  in  the.  gap  and  progressively  more  in  the  gas  at 
larger  values  of  "r"  where  the  larger  electron  gap  dwell  times  would  be  felt 
over  larger  ion  emission  areas.  In  an  attempt  to  redress  this  imbalance, 
a  larger  value  of  Iw  was  tested. 

Although  it  would  probably  be  somewhat  difficult  to  accomplish  experi¬ 
mentally,  the  current  in  the  anode  ceil  wire  was  boosted  to  30C  kA  and  the 
simulation  was  allowed  to  continue.  A  steady  state  was  arrived  at  about  T  = 
4800  it.  The  respective  new  flow  patterns  are  presented  in  Figure  13.  It 
would  appear  that  an  almost  symmetric  electron  space-charge  now  hovers  around 
the  anode  foil  above  about  1.5  centimeters  radius.  However,  a  large  fraction 
of  the  electrons  still  penetrate  a  centimeter  or  more  into  the  gas  cell  before 
reflection.  This  is  in  agreement  with  the  predictions  of  Figure  4.  The  new 
currents  are  Ie  =  333  kA  and  Ij.  =  256.3  kA  yielding  an  even  lower  impedance 
and  only  slightly  greater  ion  efficiency  than  those  for  the  Iw  =  130  kA  case. 
The  problem  seems  to  be  essentially  the  same  as  that  for  the  previous  case. 

An  additional  difficulty  is  suggested  by  the  serious  distortion  of  the  main¬ 
stream  shank  electron  flow  away  from  the  upper  anode  foil.  This  could  easily 
cause  degradation  of  the  resultant  ion  emission. 

All  of  these  numerical- results  are  summarized  in  Table  1.  In  this  table, 
the  term  "ion  production  efficiency"  is  simply  defined  as  Ij_on/  I  diode' 

Given  the  fixed  voltage  of  the  device,  this  ratio  represents  tnat  fraction  of 
the  net  diode  power  that  has  been  imparted  to  the  ions.  The  final  two  items 
in  the  tables  are  the  total  specie  charges,  Q,  present  in  the  diode/gas  cell 
system.  When  these  quantities  have  only  small  fluctuations  during  a  simu¬ 
lation,  one  knows  that  the  diode  has  reached  an  equilibrium  state.  Mote  the 
jump  in  Qe  when  electrons  are  allowed  to  fill  the  gas  cell  for  the  Iw  =  55  kA 
case.  The  steady  reduction  of  Qe  in  the  subsequent  two  cases  is  indicative 
of  the  decreased  volume  accessible  to  the  electrons  in  their  more  constrained 
excursions  into  the  gas  cell.  3oth  li  and  Qj_  steadily  increase  for  increasing 
Iw,  establishing  the  effectiveness  of  the  dam  at  enhancing  ion  emission.  The 
disappointing  stagnation  of  the  ion  efficiency,  combined  with  the  consistent 
drop  in  diode  impedance,  however,  indicates  a  proportional  enhancement  of 
electron  emission. 

The  modest  nature  of  the  ion  emission  enhancement  is  obviated  by  Figure 
14.  For  the  higher  values  of  Iw,  otherwise  significant  gains  in  Cn  some 
regions  of  the  anode  foil  are  offset  by  the  strong  suppression  of  emission  in 
other  regions.  This  suppression  is  probably  due  to  the  deflection  of  the  main 
cathode -shank-to-ar.cde  electron  stream  away  from  certain  areas  of  the  anode 
foil  face.  Nevertheless ,  there  is  a  net  gain  in  ion  current.  Thus,  the  true 
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obstacle  to  higher  ion  efficiency  is  the  steady,  net  gain  in  electron  current 
which  results  in  a  mild  "bootstrapping"'7  of  the  total  diode  current  with 
increasing  Iw. 

Some  insight  into  the  cause  of  this  phenomenon  may  be  derived  from  a 
comparision  of  the  respective  equilibrium  equipo tential  plots  for  each  of  the 
four  cases.  These  are  presented  in  Figure  15.  The  plot  for  Iw  =  65  is  some¬ 
thing  of  an  ansmoly .  This  is  understandable,  since  it  has  not  yet  reached  a 
true  steady  state.  The  other  three  plots,  however,  show  a  definite  migration 
of  the  potential  contours  toward  the  face  of  the  cathode  shank.  This  corre¬ 
sponds  to  an  increased  emission  there.  Electron  emission  also  increased 
along  the  cathode  foil  for  larger  values  of  Iw.  Interestingly  enough,  the 
inner  and  outer  shank  surfaces  showed  a  decrease  in  emitted  electron  current, 
perhaps  due  to  the  stronger  insulating  3q  fields  which  accompanied  the  larger 
net  diode  currents. 

In  order  to  propose  more  meaningful  solutions,  it  is  first  necessary  to 
more  closely  isolate  the  source  of  the  excess  Ie.  For  that  purpose,  the 
radial  profiles  of  emitted  electron  current  densities  along  the  cathode  shank 
face  are  plotted  in  Figure  16.  Above  4.7  centimeters,  the  curves  are  virtually 
identical.  On  the  lower  half  of  the  face,  however  the  difference  is  marked. 
This  agrees  with  the  electric  field  enhancement  there  suggested  in  Figure  15. 

In  fact,  a  full  75%  of  each  increase  is  accounted  for  by  the  increase  of  Ie 
from  the  shank  face.  Specifically,  (Ie)  total  increased  66.5  kA  between  the 
Iw  =  0  and  Iw  =  130  kA  cases;  the  shank  face  electron  emission  had  increased  by 
49  kA.  The  total  increase  between  Iw  =130  kA  and  Iw  =300  kA  amounted  to  only 
8k A  of  electron  current;  6  kA  of  this  difference  can  be  attributed  to  the 
shank  face.  Simply  stated,  it  appears  that  enhanced  ion  emission  at  higher 
radii  increases  the  positive  ion  space  charge  in  the  A-X  gap  near  the  shank 
face  sufficiently  to  enhance  electron  emission  there.  This,  in  turn,  prohi¬ 
bited  any  increase  in  net  ion  production  efficiency. 

In  conclusion, therefore ,  the  dam  diode  pictured  in  Figure  1  does  not 
appear  to  be  effective  in  boosting  ion  efficiency  in  its  present  form.  It 
does  produce  enhanced  ion  current  but  does  not  simultaneously  reduce  the  diode 
electron  current.  A  large  part  of  the  blame  rests  on  the  rapid  outward  radial 
migration  of  electrons  along  the  anode  foil  and  on  the  large  disparity  bet¬ 
ween  typical  electron  lifetimes  in  the  gas  cell  versus  those  in  the  gap.  This 
limits  the  number  of  electrons  available  in  the  upper  A-:<  gap  to  neutralize 
the  positive  space  charge  arising  there  due  to  the  increased  ion  flow.  Hence 
electric  fields  and  electron  emission  along  the  lower  face  of  the  cathode 
shank  are  made  larger. 

A  modification  which  could  possibly  rectify  this  situation  would  be  to 
invert  the  radial  dependence  of  the  magnetic  field  strer.gch  in  the  anode  gas 
cell.  If  it  were  directly  rather  than  inversely  proportional  to  radius,  then 
electron  gvroradii  would  progressively  decrease  as  they  moved  outward,  in¬ 
creasing  the  "dwell  time"  of  electron  space  charge  in  the  crucial  region  bet¬ 
ween  A  =  3.0  and  R  =  5.0  centimeters.  That  would  accomplish  both  an  enhance¬ 
ment  of  ion  emission  over  relatively  large  surface  areas  of  the  anode  foil 
and  also  a  probable  suppression  of  electron  emission  along  the  cathode  shank 
face  located  only  one  centimeter  away.  A  possible  alternative,  and  one 
easier  to  realize  experimer '"ally ,  is  to  absorb  all  electrons  hitting  the  anode 
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foil  above,  say,  3.0  centimeters  while  leaving  the  dam  field  inversely  propor 
tional  to  radius.  This  reduces  the  electron  space  charge  near  the  anode  foil 
above  r=3,  reducing  the  ion  emission  above  r=3,  reducing  ion  space  charge  in 
the  gap  above  r=3,  reducing  electric  field  strengths  at  the  cathode  shank  f?.c 
reducing  electron  emission  there.  This  mandates  an  increase  of  this  diode's 
impedance  for  a  fixed  gap  and  voltage.  Both  of  the  above  modifications  will 
be  simulated  in  future  computational  experiments  to  test  their  ability  to 
boost  the  ion  production  efficiency. 
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STEADY  STATE  NUMERICAL  SOLUTION 
OF  MAGNETICALLY  INSULATED  CHARGE  FLOW  IN 
COAXIAL  GEOMETRY 


I.  INTRODUCTION 

Impressive  results  have  been  achieved  experimentally  with  the  production  of  intense  proton  fluxes 
in  radial  diodes.2"1  The  high  ion  production  efficiencies  of  these  devices  make  them  attractive  candidates 
for  use  as  driver  sources  in  future  ion  beam  inertial  confinement  fusion  systems.  In  addition,  magneti¬ 
cally  insulated,  coaxial  vacuum  feed  lines5"*  form  an  integral  part  of  pulsed  power  systems  for  a  wide 
variety  of  applications.  Clearly,  a  computer  code  capable  of  predicting  current  How  in  coaxial  systems 
for  realistic  values  of  operational  parameters  would  be  a  valuable  tool.  At  the  present  time  the  only 
relativistic,  two-specie,  cylindrical  geometry,  theoretical  formulation  using  cycloidal  electron  orbits  is 
that  of  K.  D.  Bergeron.'  Us  foundation  rests  on  the  steady-state  magnetic  insulation  model  formulated 
independently  by  Sudan  and  Lovelace.9  10  and  at  about  the  same  time  by  Ron,  Mondelli.  and  Ros- 
toker.'1  In  this  model,  electrons  form  a  cloud  near  the  cathode  in  which  each  electron  traces  an  indivi¬ 
dual,  single-arc  trajectory  which  begins  and  terminates  on  the  solid  cathode  surface  (See  Fig.  1  )  All  of 
these  electrons  see  the  full  steady-state,  self-consistent  electric  and  magnetic  fields  during  their  entire 
orbit  and  all  orbits  are  identical.  There  exists  a  competing  magnetic  insulation  model  formulated  by 
Antonsen  and  Ott12  and  foreshadowed  in  the  work  of  Creedon13  and  Buneman.14  This  model  assumes 
that  all  electrons  in  the  cathode  sheath  have  been  emitted  from  the  cathode  surface  onto  electrostatic 
equipoiential  contours  during  an  adiabatically  rising  diode  voltage  pulse.  In  the  equilibrium  state,  they 
E  x  B  drift  along  their  respective  contours  in  a  Brillouin15  type  flow,  never  again  intersecting  the 
cathode  (See  Fig.  I)  This  formulation  is  based  on  a  vanishingly  small  Larmor  radius  approximation 
The  cylindrical  geometry  E  x  B  drift  model  has  recently  been  treated  by  Swegie  and  Ott.16 
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Fig.  !  —  Two  models  for  magnetically  msulaied  electron  flow  large  orbit  How 
(left)  and  small  larmor  radius  or  Brillouin  flow  (right) 


Both  equilibrium  models  have  equal  physical  validity.  When  applied  to  a  given  problem,  they 
have  led  to  very  similar  solutions,17  however,  stability  properties  could  differ  considerably.  No 
sufficiently  extensive  analytic  comparison  has  been  performed  on  both  models  to  justify  the  exclusion 
of  one  or  the  other  for  specific  parameter  ranges.  However,  there  are  conceptual  weaknesses  regarding 
the  initiation  of  Brillouin  flow  in  coaxial  geometry.  Certainly  it  can  be  postulated  that  appropriate  injec¬ 
tion  mechanisms  can  be  experimentally  contrived,  but  this  is  not  very  satisfying  when  faced  with  the 
analysis  of  a  general,  uncontrived  device.  In  addition,  for  the  case  of  a  radial  diode  with  strong  £„ 
insulation,  the  E  x  ^  drift  is  axial.  In  time,  this  would  deplete  any  initial  Brillouin  electron  population. 
Injection  and  replenishment  problems  do  not  exist  for  the  Sudan  and  Lovelace  formulation.  For  that 
reason,  it  was  chosen  for  use  in  this  analysis.  In  reality,  it  seems  probable  that  some  mixture  of  the 
two  distributions  exists  in  magnetically  insulated  coaxial  lines  with  the  Antonsen  and  Ott  picture  dom¬ 
inating  eariy  in  time  and  progressively  giving  wav  to  Sudan  and  Lovelace  electrons  later  in  the  pulse.  A 
number  of  computer  simulations  have  been  conducted  which  seem  to  support  such  a  picture.18 
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II.  THE  THEORETICAL  MODEL 


Cross-sections  of  both  polarity  types  of  the  coaxiai  geometry  treated  in  this  analysis  are  depicted 
in  Fig.  2.  Unless  otherwise  stated,  the  central  conductor  is  assumed  to  be  the  cathode  in  the  following 
discussion.  The  analysis  for  the  case  of  a  central  anode  is  identical  except  for  magnetic  field  boundary 
conditions  discussed  at  the  end  of  this  section.  The  major  assumptions  of  the  mode!  are  as  follows: 

(1)  All  emitted  electrons  are  confined  to  an  azimuthally  symmetric  electron  sheath  of  radius.  rs, 
and  execute  identical  single-arc  trajectories  out  to  that  radius.  The  magnetic  insulation  field,  B. 
moderately  exceeds  the  critical  insulation  field  'defined  as  that  field  value  at  which  electron  orbits  just 
graze  the  anode  surface),  so  that  rs  <  r4.  where  ^  is  the  anode  radius  and  the  critical  fields  are 
defined  as 


~r~^  r  -  2U. 


'£v)c.u  - 


m0cz  0.2-\/L',t  2  6V 

<?  r, 

r  2  In  — 


Here  r  is  the  cathode  radius  and  i .)  is  the  diode  voltage  multipled  by 


'2)  The  time-scale  is  such  that  the  self-magnetic  fields  do  not  significantly  penetrate  the  anode 
and  cathode  surfaces. 


’3)  The  electrons  are  treated  relati vistically  and  the  ions  nonretati vistically  (a  reasonable  approxi¬ 
mation  for  voltages  below  IQ  MV). 

(4)  The  ion  current  is  strictly  radial.  This  implies  no  significant  ion  contribution  to  the  self  mag- 

Vwn  3 

— — -  — —  radians. 
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Therefore,  even  if  B  =  43.. „  an  ion  would  experience  iess  than  0.1  radian  deflection.) 
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Fig.  2  —  Coaxial,  magnetic  insulation  geometries  of  the  negative  polarity  (top) 
and  positive  polarity  (bottom)  types. 


One  characterizes  the  electron  (ion)  beam  by  a  velocity  ~  ( K),  charge  density  /jGV),  and  current 
density  J  -  nV(7  -  ,VK).  Conservation  of  relativistic  electron  energy  requires  that 

ym<yC 1  -  e<j>(r)  *■  m0cz,  (1) 

2)“I/J 

V 

where  y  *■  1 - r  .  Conservation  of  canonical  momentum  demands  that 

r 


ym0vn - .-l,,  -  0, 

c 

where  the  il  subscript  refers  to  the  E  x  B  direction.  Finally,  conservation  of  ion  energy  states  that 


(3) 

where  d>0  is  the  imposed  diode  voltage.  Continuity  of  diode  current  flux  provides  two  additional  con¬ 
stants,  F  -  r\J,\  and  /  -  —  r\j,\.  Employing  ail  of  these  relations  allows  one  to  reduce  Poisson's  equa¬ 
tion  and  Ampere’s  law  to 
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The  factors  of  two  for  the  electron  flux  terms  reflect  the  presence  of  both  radially  inward  and  radially 
outward  components  to  the  electron  current  in  the  electron  cloud.  This  doubling  of  the  electron  flow  is 
specifically  mentioned  by  Bergeron  if  Ref.  I;  however,  it  is  not  present  in  his  Eqs.  (35)  and  (36). 

Numerical  considerations  encourage  the  substitution  of  appropriately  scaled  dimensionless  vari¬ 
ables  in  place  of  those  appearing  in  Eqs.  (4)  and  (5).  Following  Bergeron,  the  terms  employed  in  this 


analysis  are  U  3  — ^-7  6,  W  3  — —■  [or  W  = - ^-7  A.  for  an  azimuthal  insulating  field],  and 

/n0c*  moC*  m0c- 

_  /  .W0 


\  3  — —  —  / — -  |f|.  The  electron  flux  term  is  modified  by  the  additional  factor  of  two  mentioned 
cB  0  V  m0 

above,  giving  \  3  — —  |/|.  A  significant  modification  to  Bergeron's  treatment  can  be  found  in  the 
cB  0 

_ 

new  scale  chosen  for  the  independent  radial  variable.  It  is  here  denned  as  p  =  - 7 r  where  B 0  is 

m0c- 

chosen  to  be  some  typical  magnetic  field  strength.  In  contrast.  Bergeron  scales  r  to  the  electron  gyrora- 
dius  in  the  presence  of  the  magnetic  field  at  the  cathode  surface.  Such  a  scaling  provides  one  with  a 

simple  boundary  condition  for  the  first  derivation  of  W  at  p  ,  namelv  =  1.  However,  the 

dp 

value  of  5  at  p  -  p,  is  known  a  priori  only  for  the  case  of  an  azimuthal  insulation  fieid  with  the  cathode 
as  the  central  conductor  In  addition,  the  possibility  of  the  magnetic  field  strength  approaching  and 
even  equaling  zero  at  the  cathode  surface  for  the  other  cases  cannot  be  discarded.  Such  an  eventuality 
would  make  nonsense  of  any  solutions  using  Bergeron's  scaling  and  may.  at  least  in  part,  explain  the 
lack  of  closed  solutions  Bergeron  noted  in  some  parameter  regimes. 


Given  these  definitions,  Eqs.  (4)  and  (5)  reduce  to 
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with  «  -  0  for  azimuthal  insulation  and  «  -  1  for  the  axial  case  The  boundary  conditions  for  axial 
insulation  are 

U(P')  -  ^(pJ  -  -^j  -0,  18) 

dp  k 

at  the  cathode  while  at  the  anode 

U(pA)  -  U0  and  ~  -  0.  (9) 

dp  „  A 

The  conditions  governing  the  first  derivative  of  U  follow  directly  from  the  assumption  of  space  charge 
limited,  Gaussian  emission  at  both  surfaces.  (However,  if  an  equilibrium  solution  is  sought  for  which 
A  -  0,  then  the  value  of  the  electric  field  at  the  anode  cannot  be  assumed  to  vanish.)  Such  an  emis¬ 
sion  mechanism  in  turn  presumes  a  sufficiently  dense  plasma  to  exist  at  both  surfaces.  We  now  have  a 
set  of  two  second  order  equations  in  U  and  with  two  additional  unknowns,  k  and  A.  Six  boundary 
conditions  are  therefore  necessary  for  a  solution.  In  addition  to  the  five  conditions  stated  in  Eqs.  (8) 
and  (9),  for  the  case  of  axial  magnetic  insulation,  the  final  condition  results  from  conservation  of  the 
magnetic  flux, 

<t>  w  -  J  B  ■  da  -  §c  *  '  dS. 

over  a  fixed  cross  sectional  surface  area,  5,  enclosed  by  the  line  contour,  C.  Specifically,  it  is  assumed 
that  the  insulating  B-fieid  is  present  before  emission  begins  and  that  any  diffusion  of  the  field  nto  the 
electrodes  is  insignificant  over  the  time  scale  of  the  voltage  pulse.  For  the  case  of  an  initially  uniform, 
axial  insulating  field,  £0,  which  is  taken  as  the  scaling  field  for  p,  this  condition  implies 

W(pA)  ~  tLZls  ,  (10) 

On  the  other  hand,  for  an  azimuthal  insulating  field,  magnetic  flux  is  not  conserved.  In  place  of 
Eq.  (10)  one  is  given  the  known  magnetic  field  strength  at  the  surface  of  the  central  conductor, 

Sr  ,  -  0.2  -j—  (11) 

*v.c. 


6 


NRL  MEMORANDUM  REPORT  -*654 


where  B. .  is  in  gauss,  R:  :  is  the  radius  of  the  central  conductor  measured  in  centimeters  and  Icc  is 
the  current  in  amperes  flowing  through  the  central  conductor.  Therefore,  the  final  boundary  condition 
for  the  azimuthal  field  case  is  simply 


(12> 

“P  p:i.  °o 

where  B0  is  the  arbitrary  scale  field  and  pcx_  may  be  either  pA  or  pc.  depending  upon  the  geometry 


chosen.  (When  B0  —  Bcc  and  pcc  -  p..,  this  reduces  to  Bergeron's  boundary  condition.)  For  the  case 
of  a  magnetically  self-insulated  vacuum  feed  line,  the  value  of  Ic  ;  is  a  known  (or  at  least  independently 
derivable)  quantity.  On  the  other  hand,  I.c  is  not  known  a  priori  for  a  radial  diode.  In  this  device,  the 
central  conductor  current  will  generally  be  a  function  of  the  axial  dimension,  c.  Furthermore,  the  total 
current,  lcc ,  flowing  through  the  diode  will  be  entirely  due  to  ion  flow  through  the  A-K  gap  and  will  be 


given  in  statamps  by 


-  2 rt !  rJr !  L. 


where  L  is  the  axial  half-length  of  the  gap.  In  order  to  clarify  the  distinctions  between  the  axial  versus 
the  azimuthal  boundary  conditions  and  unknowns,  they  are  grouped  accordingly  in  Table  1. 


For  both  cases,  the  numerical  integration  of  Eqs.  (6)  and  (2)  begins  at  the  cathode  radius,  p.. 
For  a  configuration  with  B.  insulation,  values  are  guessed  for  \,  \,  and  W'lpJ.  Then  U.  U\  and  W 
are  integrated  out  to  the  anode  radius  and  their  boundary  values  are  compared  to  those  given  in  (9)  and 
(10).  Repeated  guesses  for  \,  and  W(pt)  are  made  until  a  match-up  at  pA  is  achieved.  For  B w 
insulation  with  the  cathode  as  the  central  conductor,  an  additional  starting  condition  is  given  in  the 
form  of  Eq.  (12)  This  simplifies  the  problem  considerably.  Only  the  two  anode  conditions  given  by 
Eq.  (9)  must  be  matched  and  only  values  for  X  and  A  must  be  sought  by  iterative  guesses.  Finally,  for 
the  azimuthal  case  with  the  anode  as  the  central  conductor,  the  guessed  parameters  become  X,(T'(p,). 
ind  /Cl,.  The  three  conditions  which  must  be  matched  at  p4  are  now  given  by  Eqs.  (9)  and  (12).  It 
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Table  1.  Matrix  of  Knowns,  Unknowns,  and  Boundary  Conditions. 


Insulating  B-field  Type 

AXIAL 

AZIMUTHAL 

Relative  A-K  Positions 

ei ther 

cathode  inside 

cathode  outside 

Ions  Present  ? 

Yes 

No 

Yes 

No 

Yes 

No 

Input  Parameters 

<BI>0 

<»z>. 

L 

rc.c. 

L 

r 

"c.c. 

Input  ps  pc  Guesses 

j,  J. 
and  W 

j,  w 

m 

j 

j.  J 

and  VI 1 

j,  w 

Output  Quanti ties  to 
be  matcned  at  ?=p^ 

and  at  p-  pj 

U,  U\ 
and  W 

u,  w 

U,  U' 

u 

U,  U\ 
and  W 

U,  W' 

Universal  Input 

rA*  rC’  V  »  LCIN,  and  LIONS 

Universal  Output 

Radial  Profiles  of  cp  and  3 

where:  r^  (rc)  «  anode  (cathode)  radius  in  centimeters, 

-pQ  3  A-K  potential  difference  in  volts, 

(3z)o  =  imposed  insulating  axial  magnetic  field  strength  in  gauss, 
l  3  axial  length  of  A-K  gap  in  centimeters, 

I_  -  3  current  flowing  in  the  central  conductor  in  amperes,  and 

j  (J)  3  electron  (ion)  current  density  at  cathode  in  amp/ an. 

will  be  shown  in  the  next  section  that  analytic  solutions  are  available  for  the  region  between  pA  and  ps. 
This  allows  for  numerical  solution  matching  at  ps  instead  of  at  pA  with  a  considerable  gain  in  accuracy. 

A  problem  arises  when  solutions  are  sought  for  radial  diodes  in  which  both  axial  and  azimuthal 
magnetic  insulating  fields  are  present.  If  no  B.  is  imposed  in  the  A-K  gap,  then  only  pure  azimuthal 
insulation  is  possible  and  no  conflict  can  arise.  When  an  axial  insulation  case  with  ion  flow  is  being  stu¬ 
died,  however,  it  is  inevitable  that  a  B9  be  generated  as  well.  The  strength  of  this  BA  in  the  A-K  gap 
can  be  predicted  directly  from  the  value  of  A  obtained  in  the  pure  B.  solution.  If  this  field  strength  is 
comparable  to  or  greater  than  the  imposed  B.,  the  numerical  formulation  presented  here  has  more  lim¬ 
ited  value  for  predicting  actual  diode  operating  characteristics.  (See  Appendix  B.) 
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III.  THE  COMPUTATIONAL  FORMULATION 


As  previously  stated,  the  solution  of  Eqs.  (6)  and  (7),  combined  with  the  boundary  conditions  in 
Eqs.  18)  and  (9),  will  be  carried  out  as  a  three-parameter  "shooting"  problem.  Values  must  be  guessed 


and  the  equations  then  integrated  from  pf  to  pA.  The  correctness  of  a  given 

f>c 

guess  is  determined  by  the  accuracy  with  which  generated  function  values  match  with  known  solutions 
at  pA  and  p5.  In  undertaking  the  numerical  integration  of  Eqs.  (6)  and  (7),  special  attention  must  be 
paid  to  three  separate  values  of  p  at  which  certain  terms  on  the  right  hand  side  become  singular. 
Specifically,  the  denominator  of  the  electron  current  term  vanishes  at  p  =  pc,  since  both  U  and  W  are 
defined  to  be  equal  to  zero  there.  It  also  vanishes  at  the  electron  sheath  boundary,  p  =>  ps,  as  would  be 
expected,  since  this  quantity  represents  the  radial  component  of  the  electron  velocity.  The  final  singu¬ 
larity  occurs  at  p  *  pA  where  the  ion  current  term  in  Eq.  (6)  becomes  infinite.  Brute  force  numerical 
procedures  cannot  cope  with  integrations  in  the%neighborhood  of  these  singular  points.  Instead,  analytic 
treatments  expanding  about  the  singularities  produce  approximate  explicit  solutions  valid  in  the  patho¬ 
logical  regions  near  pc  and  ps ■  This  technique  provides  the  numerical  quadrature  with  tractable  starting 
values  at  p  »  p,  -1-  Ap.  The  numerics  may  be  relied  upon  from  that  point  up  to  about  p  -  ps  -  Ap  at 
which  radius  another  analytic  approximation  advances  the  solution  to  ps.  Beyond  that  point,  X  equals 
zero.  Equations  16)  and  (7)  have  straightforward  analytic  solutions  spanning  ps  <  p  ^  pA  which  can 


for  X,  A,  and 


dW 

dp 


be  used  to  accurately  advance  U,  W 
manner,  the  numerical  singularity  at  p 


or 


dW 

dp 


and  at  p  =•  ps  out  to  the  anode  radius. 
dp 


pA  need  never  be  faced  directly. 


In  this 


The  numerical  solution  of  Eqs.  (6)  and  (7)  begins  with  the  derivation  of  an  explicit  functional 
exoression  for  the  radial  variations  of  U  and  W  in  the  immediate  vicinity  of  the  cathode  surface.  For 
p  -  pc  -  r  where  r  «  p,..  the  equations  can  be  expanded  and  solved  in  terms  of  a  triple  power  series 
with  solutions 


u  - 

r 

i  or 

r 

n 

r 

Pc 

n-0 

Pc 

P: 

5/3 


n—Q 


(14) 
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w  - 

r 

I  6„(1) 

r 

4/3  » 

I  b<™ 

r 

n 

-r 

r 

5/3  » 

I  bi*” 

r 

Pc 

/»-»0 

Pc 

Pc 

a—  0 

Pc 

Pc  ; 

Pc 

(15) 


Straightforward  calculus  and  algebra  may  then  be  used  to  isolate  the  leading  order  terms, 

b}p;  9 \pc 


3 

3X2p<-2 

1/3 

/ 

4/3 

2 

4 

Pc 

20  20  Utf- 


Pc 


(16) 


and 


-4 

r 

,  _L 

2\2p 2 

1/3 

r 

4/3 

Pc 

28 

9 

Pc 

(17) 


B(p.) 

where  the  term  b.  =  — r—  is  presently  unknown  and  where  the  solutions  are  only  valid  for 


<  Min 


40 

10 

9\  | 

9 

3 

A  inp'cn'  2  bc3p}\ 

(18) 


Equation  (18)  places  an  upper  limit  on  the  initial  step  size.  All  but  the  ion  term  in  Eq.  (16)  had 
been  predicted  by  the  leading  order  terms  of  an  expression  due  to  Goldstein19  which  corrected  the 
Child-Langmuir  emission  law  to  include  transverse  magnetic  field  effects.  The  first  derivatives  of  equa¬ 
tions  (16)  and  (17)  are  simply 


jj,  _  dU_  dU 

“  dp  “  dr 


3  r 

1/3 

X  2/3  4. 

[a2  9a 

4  pI 

x  +  10 

r  PcU^\ 

(19) 


and 


w  =  ~ -  -  (-i)-'bf 

dp  dr 


Pr  4 


1/3 

4/3 

2  %  i  2 

r 

J*  Pc 

Pc 

(20) 


For  purposes  of  the  overall  numerical  quadrature  of  Eqs.  (6)  and  (7),  the  gap  region  between  pc  and 
pA  is  divided  up  into  some  predetermined  number  of  identical,  one-dimensional  cells  of  width,  A p. 
The  above  approximations  are  used  to  advance  the  solution  of  U,  W,  L",  and  Hoover  the  first  Ap  away 
from  the  p  -  p.  singularity  point. 


The  bulk  of  the  remaining  numerics  is  accomplished  using  a  proven  predictor-corrector  scheme. 
Unfortunately,  this  scheme  requires  a  knowledge  of  functional  values  at  four  prior  spatial  steps  in  order 
to  advance  an  additional  Ap.  In  order  to  obtain  those  additional  values  at  the  start  of  the  integration,  a 
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fourth-order  Runga  Kutta  scheme  is  employed.20  For  this,  as  well  as  for  the  predictor-corrector,  the  set 
of  two  second-order  D.E.’s  is  reduced  to  a  set  of  four  first-order  D.E.'s  as  follows'. 


W  =  X. 

X'  -  x(1  +_U)  -  \  _  I 

pVS  pV  O0  —  L  P 

W  =  Y.  and 

y,  ,  W_  _  1 

pVJ  p2  p  ’ 

where  5  =  U 2  4-2  U  —  Each  expression  is  then  in  the  form  17' 


(2!  1 
(22) 

(23) 

(24) 

f^ip.U,  W,X,  Y)  and  can  be 


advanced  one  Ap  at  a  time  using  the  standard  R-K  approximation. 


V„+\  =  V*  +  +  2^2  +  4-  k^J, 

where 

-  XpUpn.U„.W.,.Xn.Y,,). 

kv2  ”  Xp/V(pn  -  y Xp.U„  +  y A'£/ 1 .  W',  4-  y-Ar-vt • 

-  Xpf^Pn  +  y-^p-^  +  y^t'2.^  +  y^tK:.  --). 

-  Spfv(pn  4-  Ap.f/„  4-  ^3,  H/„  4-  A>3,  . . .). 

Thereafter,  the  Adams-Bashforth-Moulton  predictor-corrector  scheme21  advances  the  variables  in  a 
two-step  process: 


^ ri/j- 1 ) predicted  “  T;  34  ^5t)„  ^,r)>i-2 

and 

I  ^corrected  ”  h /I  ~  yy  "r  I  ~  Vn—2^ 

where  rj^,  has  been  calculated  using  the  predicted  value  for  rj,,.,.  An  error  check  is  accomplished  by 
monitoring  the  magnitude  of  Htj,  -  rje)/ijp\  where  and  are  the  predicted  and  corrected  values  of 
t).  respectively. 


The  above  predictor-corrector  process  is  continued  until  the  electron  sheath  radius,  p5,  is  reached, 
that  point,  another  analytic  approximation  must  be  found  in  order  to  correctly  advance  the  function 
values  past  the  numerical  singularity  there.  This  is  accomplished  by  expanding  Eqs.  (6)  and  (7)  about 
ps  in  a  power  series.  One  may  write  p  =  ps  -  r,  V  =  i's  0,  and  W  -  Ws  -r  W  w  here 
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ps  »  r  >  0, 

U-a0ra*  +  a\ra'  +  a2ra'-  +  ..., 

W  -  b0ra°  +  V*'  +  ^  +  ...  . 
and 

Uj  +  2US-  Wi  -  0. 

Equations  (6)  and  (7)  can  then  be  expanded  and  solved.  The  leading  terms  of  the  solutions  are 


U  —  Us  +  a0r  +  j1r3/2  +  air1, 
and 

W  —  1VS  +  +  i^2  +  i;r2. 


where 


and 


2(1  +  Us)a0  -  2W'sb0  >  0. 

_ 4A(1  +  Us) _ 

a,“  3ps[2(l  +  Us)a0-  2Wsb^2' 

_ 4A  M's _ 

b'  "  3ps(2(l  +  (/s)a„  -  2  W^bgl1'2 ' 
(a0-  \/(U0-  Us)l/1) 


(25) 

(26) 


~  <  W's/ps) 

As  is  obvious  from  Eqs.  (25)  and  (26),  the  coefficients  a0  and  b0  are  merely  the  negative  first  deriva¬ 
tives  of  U  and  V/,  respectively  at  p$  (  i.e.,  a0  -  -  U’s  -  -  Xs  and  -  -  Ys).  Having  used 

Eqs.  (25)  and  (26)  to  obtain  US.WS,XS  and  Ys,  the  numerical  integration  of  Eqs.  (6)  and  (7),  with  \ 

now  set  equal  to  zero,  may  resume.  In  the  RADBER  code,  however,  explicit  analytic  expressions  are 

used  to  match  all  functions  of  interest  at  pr  from  the  known  values  at  the  anode  radius. 


Beyond  the  electron  sheath  radius,  the  key  deterministic  equations  for  the  electrostatic  and  mag¬ 
netostatic  potentials  become 


,  £H  j.  HL  _  a 
P  dp 2  dp  ”  j ~U0  -  V  ’ 

dlW  dW_  _  w_ 

P  dp 2  dp  p 


(27) 
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(28) 
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Equation  (27)  takes  the  same  form  as  the  equation  treated  by  Langmuir  in  his  1913  paper”  and  later 
treated  in  greater  depth  for  coaxial  geometry  in  a  subsequent  paper  by  Langmuir  and  Blodgett. :1  The 
solution  to  the  equation  is  therefore 

9  l'/J 

V-  U0  -  ~  p/3* A  *29) 

where  (3  =  I Anyn  and  y  =  In  .  The  first  14  values  of  the  coefficients,  An,  are  listed  in  Blodgett's 

Pa 

paper.  Knowing  the  values  of  Lr0,  \,  pA,  and  p$.  a  value  for  U$  may  be  calculated  using  Eq.  (29). 
This  value  is  then  compared  to  that  found  via  the  numerical  integration  of  Eq.  (6)  out  from  p(.  The 
closeness  of  the  match  is  used  to  measure  the  accuracy  of  the  original  set  of  parameter  guesses.  For 
the  case  where  \  =■  0  (i.e.,  no  ion  flow)  Eq.  (27)  becomes 

p  =  0.  (30) 

dp2  dp 

with  solution 

U  ■*  £/ 5  a-  .V5pj  In  ,  (31) 

Ps 

and  the  same  matching  procedure  for  Us  may  be  carried  out.  Similarly,  the  solutions  to  Eq.  (28)  take 
the  form 


w  _  jSL  -  £i_  € 

Ps  Ps  P 


ws  ~  a02  In 


e  -  0 


Matching  the  solutions  for  the  first  derivatives  at  p  =  Ps  demands  that  =  —  (  W- ps  -  YsPs"1  ^or  t(ie 

e  =  1  case  and  aQ2  =*  Ysps  for  the  e  -  0  case.  Equations  (29).  (31),  and  (32)  may  be  used  to  obtain 
values  for  C's,  XSl  W5,  and  Ys  in  terms  of  known  quantities.  Depending  upon  the  specific 
configuration  under  study,  some  subset  of  those  four  values  (see  Table  1)  are  matched  to  the 
corresponding  values  on  the  cathode  side  of  the  electron  sheath  boundary  as  obtained  from  Eqs.  (25) 
and  (26).  The  closeness  of  that  fit  at  p  -  ps  of  the  two  sets  of  solutions  forms  the  final,  most  accurate 
test  of  the  validity  of  the  original  parameter  guesses. 
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IV.  APPROXIMATE  ANALYTIC  SOLUTION 


For  the  case  of  low  voltages  and  with  geometries  whose  anode-cathode  gap  is  much  smaller  than 
the  radius  of  the  outer  conductor,  complete,  approximate  analytic  solutions  can  be  obtained  by  match¬ 
ing  the  analytic  solutions  near  the  cathode  given  in  Eqs.  (16) -(20)  with  the  solutions  valid  near  the 
electron  sheath  radius  given  in  Eqs.  (25)  and  (26).  The  solutions  are  matched  at  p j  —  (pc  +  ps)/ 2  by 
requiring  that  U,  W,  (J\  and  B/B0  -  (  W'  +  e  W/p)  all  be  continuous  at  p  -  p\.  At  p  -  ps  the  solu¬ 
tion  given  in  Eqs.  (25)  and  (26)  is  also  matched  in  the  same  manner  with  the  solution  valid  for  ps  < 
p  <  pA.  There  one  finds 

w/3 


U-  Un- 


and 


W 


h. 

2 


9  , 

2/3 

r 

T  Ap^ 

Pa 

PS 

PS» 

p - 

-r 

P 

P 

(33) 


for  e  =  1 


(34) 


WS  +  Pa^A  in 


Ps 


for  e  -  0 


where  r  =  pA  -  p  and  bA  =  B(pA)/B0.  Equation  (33)  is  equivalent  to  the  limit  of  Eq.  (29)  for  r  « 
pA .  Likewise,  Eq.  (34)  follows  from  Eq.  (32)  when  a0  is  obtained  by  imposing  the  boundary  conditions 
at  p  -  pA  instead  of  at  p  *  ps.  For  £  »  1.  flux  conservation  fixes  the  value  of  I V(p  **  pA)  (see  Eq. 
U0))  and  yields  bA  -  [(pj  -p*)/(p3  -  pj)  -  2psWs/{p]  -pj)].  For  the  azimuthal  field  case  <£  ** 
0),  on  the  other  hand,  bA  -  YA  in  agreement  with  Eq.  (32)  since  the  field  outside  the  sheath  is  con¬ 
stant.  In  order  to  complete  the  overall  solution  for  this  analytic  approximation  one  must  also  use  the 
relationship,  Us2  -1-  2  if s  -  -  0,  and  also  bc  **  1  for  the  £  =  0  case.  There  is  now  enough  informa¬ 

tion  with  which  to  construct  a  composite  solution. 


For  the  case  where  the  central  conductor  is  the  cathode,  one  finds  that  for  both  «  =  0  or  1,  an 


analytic  solution  is  possible  as  long  as  the  diamagnetic  electron  current  does  not  significantly  alter  the 
magnetic  field.  In  this  case  is  approximately  given  by  the  applied  field. 
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J(Pa) 


'CL 


3/2 


d2(Us/U0)3/2 


Id  -  (Uj  +  2 Usyn)(Ui  +  2US)3!* 

j(pc)  6  (  1,1/2 


JCL 


d2(Us/U0)} 
(UC  +  2  Us) 


and 


where  d  -  pA  -  pc  and  jCL 


m, 


Ps -Pc’  (Uj  +  2US)U2. 
1/2 


(36) 

(37) 

(38) 


m. 


Jcl  —  ( 2e/me)l/ 2  <j>Q2/9rr(rA  -  rc)2.  The  sheath  potential 


needed  to  complete  Eqs.  (36) -(38)  is  defined  by  the  transcendental  equation 


Un~  ~ 


1  -r 


6  d 


(39) 


(Us2  +  2US)''2 

The  ion  production  efficiency  of  the  diode,  tj  =  y/(i  a-  j),  can  be  easily  obtained  from  Eqs.  (36)  and 
(37).  Plots  of  J  and  ps  -  pc  are  shown  in  Figs.  (3)  and  (4)  as  solid  lines.  The  validity  of  the  results 
becomes  suspect  beyond  ed>o / mec2  —  1.  Note  that  I pA  -  p,  I  =*  d  «  pA  was  also  assumed  which 
implies  these  results  only  apply  to  large  radius  structures  with  small  anode-cathode  gaps  (i.e.,  large 
aspect  ratio  devices).  For  higher  voltages  and  smaller  aspect  ratio  devices  the  RADBER  code  is  needed 
since  in  these  cases  the  simple  matching  technique  used  to  form  the  composite  analytic  solution  is  no 
longer  possible.  This  results  from  the  decreasing  range  of  validity  of  the  expansions  used  to  obtain  the 
solution.  In  any  case,  however,  these  approximate  solutions  may  be  used  to  provide  reasonable  starting 
parameter  guesses  for  the  RADBER  code. 
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0.1  „  1.0  10.0 
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Fig.  4  —  Analytic  estimates  for  electron  sheath  thickness 


V.  THE  NUMERICAL  TREATMENT 

The  RADBER  computational  package  consists  of  a  main  core  program  and  four  subprograms: 
START,  PRIME,  BOUND,  and  MATCH.  All  of  these  program  elements  are  listed  in  their  entirety  in 
Appendix  A.  They  are  written  in  a  version  of  FORTRAN  compatible  with  the  Texas  Instruments 
Advanced  Scientific  Computer.^  Every  effort  was  made  to  avoid  non-standard  terminology.  Neverthe¬ 
less,  the  need  for  minor  changes  can  be  anticipated  when  implementing  this  code  at  any  other  computer 
facility.  Particularly  prone  to  such  changes  are  the  data  input/output  statements.  For  that  reason,  I/O 
formats  were  left  as  simple  as  possible.  A  particularly  strong  point  of  the  code  is  its  vectorized  format. 
This  allows  for  the  simultaneous,  step-by-step  integration  of  L  and  W  for  a  large  number  of  A  and  A 
guesses  in  a  'shotgun'  fashion.  The  average  cost  for  the  complete  integration  of  Eqs.  16)  and  (7)  over 
500  steps  from  pe  to  p4  for  a  single  fA,  A,  W'{ p .))  guess  was  about  SO. 025.  (CPU  rates  are  over 
S900/hour  on  the  ASC  at  NRL.) 

The  basic  flow  chart  for  RADBER  is  shown  in  Fig.  5.  In  the  main  program,  data  input  begins 
with  a  choice  for  the  parameter,  NDR,  the  number  of  radial  steps  across  the  anode-cathode  gap.  The 
default  value,  as  shown,  is  500.  The  specific  physical  and  numerical  parameters  for  the  problem  under 
study  are  fed  in  through  the  NaMELIST's,  GUESS  and  GIVEN.  For  the  sake  of  practicality,  the  code 
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Fig.  i  —  R  \DBER  flow  whai 


accepts  guesses  for  the  actual  current  densities,  j  and  J,  at  the  cathode  rather  than  for  the  dimension¬ 
less  fluxes,  \  and  \.  In  GUESS,  the  range  of  guesses  for  the  triplets,  ( /,  J .  (4"(p  ) )  are  specified.  The 
minimum  guess  for  the  electron  current  density  is  AMIN  in  amperes  per  cm.'  A  total  of  NA  vaiues  of  j 
are  then  tried  in  the  program,  each  one  DELA  greater  than  the  next.  Similarly,  there  are  NB  guesses 
for  J  in  amps/cnv  beginning  with  BMIN  and  increasing  in  steps  of  DELB.  The  product  NA  multiplied 
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by  NB  must  equal  exactly  100  for  the  program  as  presently  written.  Finally,  the  slopes  of  W  at  the 
cathode  radius  are  guessed  as  some  fraction,  FMIN,  FMIN  +  DELF,  FMIN  +  2  DELF,  etc.,  of  the 
scale  magnetic  field,  30.  There  is  no  limit  on  the  number,  NF,  of  these  which  can  be  tested  with  the 
100  (J,J)  guesses  under  consideration.  The  significance  of  the  integers,  II,  12,  and  13  wiil  be  explained 
when  the  OUTPUT  section  of  the  program  is  discussed. 

In  NAMELIST,  given,  the  cathode  and  anode  radii  are  specified  in  centimeters  by  RC  and 
RANODE,  respectively.  The  potential  difference  between  the  two  electrodes  is  given  in  volts  by  U0. 
The  scale  magnetic  field  strength,  in  gauss,  is  arbitrary,  but  can  conveniently  be  chosen  as  the 
vacuum,  imposed  field  strength  for  an  axial  insulation  field  problem  or  as  the  vacuum  value  near  the 
cathode  for  an  azimuthal  insulating  field.  The  parameter,  GAPLEN,  is  only  significant  when  azimuthal 
insulation  in  a  radial  diode  configuration  (i.e.,  the  cathode  is  the  central  conductor)  is  under  study.  In 
that  case,  it  is  equal  to  the  axial  length  of  the  A-K  gap  in  centimeters.  In  a  similar  sense,  CURCEN 
need  only  be  specified  for  the  case  of  azimuthal  insulation  with  no  ion  flow  present.  It  is  equal  to  the 
axial  current  assumed  to  be  present  in  the  central  conductor  in  amperes.  The  logical  variables.  LAZ, 
LCIN,  and  LIONS  specify  the  overall  nature  of  the  problem  under  consideration  as  follows: 

a.  LAZ  —  .TRUE,  implies  an  azimuthal  magnetic  insulation  field, 

b.  LCIN  ”  .TRUE,  implies  the  cathode  is  the  central  conductor,  and 

c.  LIONS  —  .TRUE,  implies  the  presence  of  ion  (proton)  flow. 

Finally,  ERROR  is  a  decimal  fraction  to  be  chosen  as  the  maximum  allowable  percentage  difference 
tolerable  in  predictor-corrector  steps  before  a  given  step  iteration  there  is  stopped. 

RADBER  then  uses  the  above  NAMELIST  inputs  in  order  to  calculate  constants  and  parameters 
utilized  throughout  the  rest  of  the  program.  These  set  of  one  hundred  guesses  for  (j.J)  are  then 

dW 

attempted  for  each  guess  of  - (p  -  pc).  That  is,  the  entire  remainder  of  the  program  is  cycled 

dp 

through  once  for  each  value  of  W’{p.).  This  iteration  begins  at  statement  number  400.  The  100 
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integrations  from  pc  to  p4  for  each  ij.J)  pair  are  carried  out  simultaneously.  Quadrature  over  the  first 
Ip  is  accomplished  in  the  subroutine,  START,  using  the  analytic  approximations  of  Eqs.  U6M20). 
From  that  point  and  over  the  next  4  Ap,  fourth-order  Runga-Kutta  is  employed  to  generate  a  finite 
length  string  of  starting  values  for  the  master  predictor-corrector  scheme.  Both  here,  as  well  as  m  the 
main  integrator,  the  values  for  the  second  derivatives  of  U(p)  and  W (p)  are  calculated  via  Eqs.  (6) 
and  (7)  in  the  subroutine,  PRIME.  That  subroutine  also  locates  the  electron  sheath  radius,  p*.  by 
monitoring  the  value  of  U2  •+■  1U  —  W 2  and  finds  the  effective  anode  radius  for  a  given  ij.J)  by  pin¬ 
pointing  the  value  of  p  for  which  U(p)  »»  Lr0.  The  Adams-Bashforth-Moulton  predictor-corrector  algo¬ 
rithm  integrates  "over"  p  =  p5,  ignoring  any  functional  discontinuities  there.  It  simply  forges  ahead  in 
a  brute  force  manner,  setting  X  equal  to  zero  between  ps  and  p4.  For  some  choices  of  parameter 
ranges,  this  may  lead  to  serious  errors  propagating  in  the  quadrature  beyond  p  =*  p$  For  that  reason, 
the  array,  IFLAG,  stores  the  integer  number  of  the  radial  step  over  which  the  electron  sheath  boundary 
was  encountered.  The  final  test  for  the  validity  of  the  various  i j.J.Wip,))  guesses  is  accomplished 
through  matching  of  the  potentials  and  the  fields  at  p  =  ps. 

After  the  predictor-corrector  has  blindly  pushed  all  100  integrations  out  to  p  =  p4>  the  program 
looks  back  to  find  the  function  values  at  the  two  data  points  immediately  preceeding  each  of  the  100 
respective  ps's.  Having  stored  those  values  in  the  COMMON  block,  FIT.  the  program  then  calls  the 
subroutine.  BOUND,  to  calculate  U.  W.  and  W(  =  Y)  at  p5  fapproachmg  from  the  cathode 

side)  via  the  analytic  approximations  given  in  Eqs.  (25)  and  (26).  Specifically,  the  lowest  order  terms 
of  those  equations  may  be  rearranged  to  yield 

Us  **  C/„_|  +  Xsr  1-  a  I  r1,2.  (40) 

Ws  -  K-i  +  V  +  b,  r2'2.  (41) 

where  the  subscript  (n  -  1),  signifies  the  function  value  at  the  second  data  point  before  the  recorded 

ps.  Equation  (40)  is  multiplied  by  Ws  and  (41)  by  (I  ~  L's).  Subtraction  of  the  resultant  equations 

leads  to  the  expression 

H'-.M  ±  ts>  -  ^s<l  ~  C.,-.)  (4,, 

r "  xsw5-Y5u  +  us) 
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but,  since  L'i  +  2US  —  W^2  »  0, 

(Us'  +  2Us)i;2  (1  4-  U„-\)  -  ^,,(1  +  Us) 

Ys(l  +  Us)  -  Xs(Uj  +  2US)U' 

Using  the  known  values  of  U„  as  reasonable  first  guesses  for  Us ,  Eq.  (43)  yields  a  first  predicted  value 
for  r.  That  value  can  then  be  fed  into  (25)  to  obtain  a  corrected  value  for  Us  and  the  process  contin¬ 
ued  until  reasonable  convergence  is  achieved.  As  written,  the  subroutine  BOUND  performs  a  number 
of  iterations  equal  to  the  integer,  ITER,  which  is  a  fixed  parameter  in  the  CALL  statement. 

At  that  point  in  the  RADBER  program,  a  pause  is  made  in  the  computations  in  order  to  output 
the  results  of  the  full  integration  to  p  =  pA.  The  format  of  this  primary  output  depends  upon  the 
parameters  and  geometry  under  consideration  as  indicated  in  Table  1.  In  all  cases  the  guessed  values 
for  j  and  J  (A  and  B)  in  amps/cm:  are  listed  as  are  the  values  found  for  rs  and  rA  in  centimeters  as 
well  as  the  values  of  the  electric  potential  and  electric  field  at  p  —  p.,  in  volts  and  volts/ cm  respectively. 
Depending  upon  the  geometry  being  studied.  W{pA)  or  H^'lp ^ )  may  be  listed  along  with  the  value  it 
must  have  in  a  true  steady  state.  The  table  thus  created  allows  a  quick  evaluation  of  the  merits  of  the 
(j,J)  guesses  tried  for  the  given  value  of  W'(pc).  In  addition,  immediately  following  that  table  are 
listed  complete  radial  profiles  for  the  electric  potential  in  volts  and  for  the  insulating  magnetic  field  in 
gauss  from  pc  to  pA  for  the  1 1th,  I2th.  and  I3th  ij.J)  guesses.  These  profiles  provide  invaluable  infor¬ 
mation  about  how  well-behaved  the  steady  state  conditions  are  for  typical  current  density  choices. 

Having  completed  those  pieces  of  data  output,  RADBER  moves  on  to  a  comparison  of  the  func¬ 
tion  values  at  the  sheath  boundary  obtained  by  numerical  integration  on  the  cathode  side  and  by  ana¬ 
lytic  evaluation  in  the  electron-free  region  on  the  anode  side.  The  analytically  obtained  values  are  cal¬ 
culated  in  the  subroutine,  MATCH,  using  Eqs.  (29M32)  along  with  the  values  for  p5,  Xs,  and  Ks 
obtained  in  the  subroutine,  BOUND.  These  pairs  of  values  to  be  matched  at  the  sheath  boundary  are 
tabulated  as  the  final  block  of  output  in  a  given  W’(pc)  cycle.  The  table  heading  clearly  indicates  which 
values  should  be  compared  to  which  (e.g.,  US  I  to  US2).  It  is  useful  to  use  this  sheath  boundary 
matching  to  fine-tune  ( j,J,W'{p ,))  guesses  after  some  coarse  fit  to  the  chosen  parameters  has  been 
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established  in  the  p  =■  pA  matching  table.  The  process  suggested  for  this  iterative  improvement  of 
guesses  is  illustrated  by  the  examples  given  in  Appendix  B  and  Appendix  C. 

VI.  CONCLUSIONS 

The  RADBER  computer  code  which  has  resulted  from  the  extensive  theoretical,  computational, 
and  numerical  efforts  outlined  above  stands  as  a  unique  tool  for  analyzing  numerous  practical,  high- 
voltage  devices.  It  provides  the  experimenter  with  reliable  predictions  for  electron  and  ion  flow  profiles 
as  well  as  electric  and  magnetic  field  characteristics  in  coaxial,  cylindrical  geometry.  Appendix  A  which 
follows  this  section  provides  a  complete  FORTRAN  listing  of  the  code.  Appendix  B  illustrates  the 
details  of  how  the  code  is  applied  to  a  specific  problem  and  how  the  iterative  "shooting"  technique  is 
used  to  converge  to  the  correct  answer.  The  device  chosen  in  this  first  sample  case  is  a  simple  radial 
diode.  Its  treatment  points  out  the  danger  of  applying  RADBER  to  a  mixed  axial-azimuthal  insulation 
field.  Finally,  the  much  simpler  problem  of  electron  flow  in  a  vacuum  transmission  line  is  treated  for 
three  different  voltages  in  Appendix  C.  The  solution  has  direct  application  to  a  power  loss  problem 
experienced  in  a  more  complicated  coaxial  geometry.  Taken  together,  the  two  sample  treatments 
explicitly  demonstrate  the  versatility  of  the  code. 
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Appendix  A 

THE  RADBER  COMPUTER  CODE 


C 

0  __ 

C  THE  RADBER  PROGRAM 

C 

PARAMETER  NDR.7S0 
C 

LOGICAL  LAZ. LCIN, LIONS 
INTEGER  IFLAGC1O0) 

REALX3  R.DR.RC.RANODE 

c 

DIMENSION  X( 100, NCR), VC  ICO, NCR  ).XP( 100. NDR >, YPUee.NOR ),URA< 100) 

&  ,U(  ieO,NCR),'J<  1 00 , NOR ) , UU ( 1 00  ) , UU ( 100  !,XXC100),YY(10O) 

&  ,AC( ieO),3C< 130),  SCA(100),SC3C100),SCC(103),SCD(100), 

i  scE<ieo),scf(  i30),scGue0),scHuee) 

c 

COMMON  .-CCER/  A<10e>.3<100),RS<100),RA<100),AFLAGU00), 

&  R,DR,RC,RANOD£,RINU,UO,  30,E3V(1C2,Ef1RAT,C,GAPLEN 
con, -ION  /SU1TCH/  LAZ, LOIN, LIONS 

common  /fit/  uN(i00),UNac0),XN(i00),VN(ieo),uNnict00),uNnia00), 

&  XNNl ( 1 00 ) , YNM1 (  13  C'),RNM  1(103), RSTAR  (160), USTARC1Q0), USTARC 100  ), 
&  XSTAR< 100)  ,VS7AS( ICO) 

COMMON  /ITCHY/  SCRA< 100  ) ,US( 100  ),US( 100  ),ES< 100 ) 

c 

NAMELIST  /GUESS/  AMIN .DELA.NA.8MIN. DELS. NB.FMN.CELF.NF,  11,12,13 
NAMELIST/G IU£N/fiC,RANODE,U0, BO, GAPLEN, CURCErt, ERROR, LAZ, LCIN, LIONS 
C 

C  IK  NAMELIST  'GIVEN'  - 

C  GAPLEN,  RC.  AND  RANOOE  ARE  IN  CENTIMETERS, 

C  CO  IS  IN  UOLTS, 

C  80  IS  IN  GAUSS, 

C  CUPCEN  IS  IN  AMPERES, 

C  ERROR  IS  A  DECIMAL  FRACTION,  AND 

C  LAZ*. TRUE.  FOR  AH  AZIMUTHAL  INSULATION  FIELD. 

C  LCIN*. TRUE.  FOR  THE  CATHODE  AS  THE  CENTRAL  CONDUCTOR 

C  LIONS*. TRUE.  FOR  THE  FRESENCE  OF  ION  FLOU 

C 

c 

CXXXXXtXXXX  SUPPLY  NEEDED  CONSTANTS  XXXXXXXXXXXXXXXXXJXXXXXXXXX 

c 

SIXINU-l.OO/g.OO 

C-2.397SE13 

PI-3.H1SE0 

EMRAT*SCRT( 1 .672SE-24/ <  2 . 0X9 . 1095E-28) ) 

EBYMC2-4. 8032E- 10/(9. 1095E-2SXCXC  ) 

C 

CXXXXXX XXX  INITIALIZE  AND  SCALE  THE  VARIABLES  XXXXXXXXXXXXXXTXXXXXXXS 
C 

CXXX  FIRST  READ  IN  THE  DEFAULT  PARAMETERS  XXX 
C 

READ<S, GUESS) 

'  REACCS, GIUEN) 

C 

CXXX  THEN  SUPPLY  THE  SPECIFIC  VALUES  XXX 
C 

REAOCS, GUESS) 

REAOCS, GIVEN) 

ASCALE  •  3.0  x  PI  X  RC  X  3.0E9  /  (C  X  80) 

BSCALE  •  ASCALE  x  0.5  X  EMRAT 
RAMCDE  •  E2V,TC2t30XRANODE 
RC  •  E3vrC2*SCJRC 
U0  «  E 3 Y.'*C2suO/3 .  CE2 

d.?*(Rahc:e-rc  )/dfloat(ndr) 

FACT-DR/24.0 
CRITEC6, GUESS) 

URITEC6, GIVEN) 

C 

CXXXXGENERATE  THE  CURRENT  FLUX  COEFFICIENTS  XXXXXXXXXXXXXISXXXtXX 
C 

DC  2  !«I,MA 

AA»  (AMIN+DELAXC I— 1 J  5XASCALE 

CO  2  J* 1 ,NB 

ACC  I*N9;( J-i ) )  .  AA 

BC< I+NBKJ-l ) )  •CSniN.DELBXtJ-l)  )XBSCAL£ 

2  CONTINUE 


22 


SRI  MEMORANDUM  REPORT  4654 


CXXXXXXXXXX  CALCULATE  CORRECT  U(RA>  CR  UPCRA)  XXXXXX XXXXXXXXXXXX 
C 

IF ( LA2  1  GO  TO  500 

U.-AC  •  (RAHOOEXX2-RCXX2  )/<2.0XRANODE  ) 

CO  TO  501 

500  IE ( LOIN  )  GO  TO  532 
I" (LIONS)  CO  TO  533 
UFAC-33X0.2XCURCENXE3YRC2/RANCDE 

501  DO  504  1-1,103 

504  URAdl-WFAC 
GO  TO  SC2 

503  UF AC -0 . 0SXEBYMC2XCX30XGAPLEN/ ( EHRATXRANODE ) 

DO  53S  1-1,100 

505  U.°A(  I  )-UFACX3(  I 1 

502  CONTINUE 

c 

CXXXXXXXXXX  ITERATE  0U£3  CHOICES  FOR  CATHODE  3-FIELD  XXXXXXXXXXXXXXXXX 
C 

IT-0 

400  IT-IT+l 

F-FHIN*C£LRX(IT-1) 

R-RC 

IFCLAZ. AND.LCIN.AND. .HOT .LIONS )  F-0. 2XCURCENXEBYNC2/RC 

ICORR-0 

DO  1  1-1,100 

RS< I )-0.3 

RAC  1 1-0.0 

AFLAC<I-)-1.0 

IFLACCI  1-0 

A(I  )-AC( I  ) 

8(1  )-BC( I ) 

1  CONTINUE 
C 

CXXXXX321«  USE  analytic  approximations  to  generate  INITIAL  XXXXXXXXXXXX 
CXXXXXXX2X  VALUES  at  rc+DR  xxxxxxxxxxkxxxxxxxxxxxxxxxxxxxxx 

c 

R-R+DR 

RINU-1.0/R 

c 

CALL  START <U,X,U,Y,F) 

C 

CXXXSXXXXX  TH  ORDER  RUNGAHOJTTA  FOR  STARTING  UALUES  TXXX2XXXXXXXXXXX 

c 

DO  4  1-1,4 
C 

do  s  j-i.ieo 

SCA(J)-DR*X(J,I) 

5  SC3 ( J  ) • DRXY ( J, I ) 

DO  S  J-1,100 

SCC( J  )-DRX(X( J, I )+SCA( J 1X0.5) 

6  SC3(J  l-DRx ( Y( J, I )+SC3  < J 1X0.5) 

DO  7  J-1,100 

SC£( J 1  -  DR* ( XC J, I )+0.5XSCC( J ) ) 

7  SCF(J)-DRX(Y(J,I)+0.5XSCD<J1) 

DO  3  J-1,100 

SCGCJ  )-DRx(X(  J,I)+SCE(J1) 

8  SCH(J)-DRX(Y(J,I)+SCF<J)) 

c 

DO  9  J-1,100 

U( J, I  +  l  )-U(J, I )  +  (SCA( J1+2.0XSCCC J)*2.0XSCE(J)+SCG(J) )2$IXINU 

9  U( J, I  +  l  )-U( J, I  )♦ ( 5C3 ( J 1*2. 0XSCD< J 1*2 . 0XSCF ( J )4SCH( J ) 12SIXINV 
C 

CALL  PRIN£(Ua,I).U<l#I),X<l,I),YU.I),XPCi,I),YPU,I>,I,IFLAG> 

c 

DO  10  J-1,100 
SCGCJ  )*DRXXP( J, 1 1 

10  SCH( J )-DRXYP( J, I J 
C 

R  -R40.52OR 
RINV-1 ,0/R 
C 

DO  11  J-1,100 
UU(J)-U( J,I 1+0.SXSCACJ) 
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11- 

C 

C 


12 

C 


13 

C 

C 


14 

C 

C 


IS 

C 

C 


uu<j)«u(j,n+0.stscs(j) 

xx<j).xtj,i>0.sxsco<j) 

YY<j).Y<j,n+e.sxscn<j) 

CALL  PRinE<UU.UU,XX.YY,SCA,$CB,I,IFLAG> 

DO  12  J-1,100 
SCA(J)*DRTSCACJ> 

SC8(  J )*DRXSC8( J ) 

DO  13  J*l,100 
UU(J)*U<J,I >0.5XSCC(  J1 
LU(J)»U(J,I )+0.5XSCO(  J) 

XX(J)*X(J,I )+0.5XSCA(J) 

YYt J)*Y< J, I J+0.5XSCB ( J ) 

CALL  PRIHEtUU.UU.XX, YY, SCC, SCO, I, IFLAO) 

DO  14  J-l, 100 
SCC( J  )-DRxSCC( J  ) 

SCD(J)*DRXSCD(J> 


R-R+0.5XDR 
RINV- 1 . 0/R 


DO  IS  J-i, 100 
UU(J)-U<J,I HSCEU) 
UU(J)-U<J,IHSCF<J) 

xxtj)*xtj,n*scctj) 

YY<J)-Y<J,I)+SCD<J) 


CALL  PRin£(UU,UU,XX, YY,5CE,SCF, I, IFLAC ) 
DO  16  >1,100 


XtJ.I  +  l  )-X(J,I  XSCGt  Ji+2.02SCACJ)+2.0XSCC(J)+DRXSCECJ))XS:X3NV 
Y( J.l+t  >*Y<  J,I  XSCHt  J>2.02SC8(  J  )+2.exSCD(J  >*DRXSCFC J  )  )2SIXINU 


CONTINUE 


c  CALL  PRirc<U(l.S>,U<l,5),X<l,S),YU,5>,XP<l,5>,YP<l,S>,5,IFLA<S) 

CX««XJXXXXXXXTl«2XXXlX2XXXXXJS*t3XXX«S»«XXXXXTItJl«J 
C  AT  THIS  POINT  U£  HAUE  COMPLETE  DATA  FOR  THE 
C  FIRST  FIUE  POINTS. 

CXXtXXXXXXXXXXXXXXXXXXXXXXXXXXS553XXXXXXXXXXXXXX«XXX«XX 
CXXXX2XXXX  THE  ADAfIS-BASHFORTH-nOULTEN  PREDICTOR-CORRECTOR 

DO  100  >6, NOR 

c 

R-R+DR 


RINU  -  1 .0/R 
C 

•  DO  20  1*1,100 
C 

XCI.J>XtI.J-l  )*FACTX(SS.0XXP(I,J-1  )-59.0XXP(I,J-2) 

&  ♦37.OXXPU.J-3)-9.0XXP<I,J-4)) 

Y(I,J)*V<I,J-1 >FACTx(55. OXYPt I ,  J-l )-S9.0XYP(I,J-2) 
l  +37.0XYP(I,J-3)-9.OXYPa,J-4n 

U<I,J)*U<I,J-1  )+FACTx<55.0XXCI. J-l  )-5S.0XX(I,J-2) 

L  ♦37.0xX(I,J-3)-9.0xxtI,J-4)) 

ua,J)*ua,j-i )+fACTxtss.0xvti,j-i  )-ss.0xyci,j-2) 

&  +3?.0XY( I, J-3 )-9.0XY< I, J-4 ) ) 

20  CONTINUE 
C 

CALL  PRINEtUt 1,J),U(1,J),XC1,J),Y(1,J),XP<1,J),YP(1,J),J, IFLAG) 

cxxttlxxxx  THE  CORRECTOR . 

C 

101  CONTINUE 
C 


40 


DO  40  1*1,100 

SCA(I)*U(I,J-1  )+FACTT(9.0*X(  I,  JH19 .0XX<  I, J-i ) 
L  -5.0xxt I , J-2  >+xt I, J-3 ) ) 

SC8(I )*U(I,J-1 )+FACTX(9.0iYt I, J )  +  19.0XY(I,J-l ) 
8  -5. 0XY( I , J-2  )+Y( I , J-3  ) ) 

CONTINUE 
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C 

c 


DO  30  1*1,1 00 

X(I,J)-X(  I,J-1  ) ♦FACTS  ( 9.0XXP(  I ,  J  )+19 . 0XXP(  I,  J-l ) 

4  -5 .0XXPC  t , J-2  >*XP< I , J-3  ) ) 

y<i,J)*y<i,j-i  )+FACTt(g.9ivp(  i,  j  mg.exypa  ,j-i  > 

4  -5.0XYP( I ,  J-2  )+VP( I , J-3  ) ) 

CONTINUE 

CALL  PRINECSCA,  SC8,  X(  1,  J ).YC1, J >,XP<  1, J ),YP<1, J ),  J,  IFLAG) 


CXXXXXXXXXX  ERROR  CHECK 
C 

ICORR* ICCRR+1 

IF( ICORR .GT. 1000  )  GO  TO  102 
DO  -41  1-1,100 

sccci  )*absc(uci,J)-scau)mj< 

41  SCD< I )*ABS( (U( I,J 3-SC8CI  )  )/U< 
DO  42  1*1,100 
UCl.J)-SCA(I) 

42  UU,J)*SC8U) 

DO  43  1*1,100 

1F(SCC( I ).LT. ERROR)  GO  TO  43 
GO  TO  101 

43  CONTINUE 

DO  44  1-1,100 


i,jn 

I,J>) 


IF < SCO ( I )  .LT .ERROR )  GO  TO  44 
GO  TO  101 
44  CONTINUE 
C 

100  CONTINUE 

C 

102  CONTINUE 

C 

CXXX  USE  ANALYTIC  FIT  AT  SHEATH  BOUNDARY  xxxxxxxxsxxxxxxxxxxxxxxsxx 

c 

DRSING* $NGL( DR) 

DO  601  1*1,100 

IF< ( DRXRSC I )  5 . GE. ( DRXRAl I ) ) )  CO  TO  603 
GO  TO  600 

603  IF(PA(1 ). £0.040)  GO  TO  600 
602  UN( I )« 1 .0 
UN( I )*i .0 
XN( I ) *0 .9 

YN< I  )*DRSING/ABS< DRSING) 

UNHia  )*1.0 
UNHICI  )-1.0 
XNN1 ( I )*0 .0 
Yfinid  ) * YN ( I  ) 

RNfll  ( I  )«SNGL(RC ) 

GO  TO  601 

600  IF C IFLAG ( I ) . LE.7)  GO  TO  602 
UN( I  )*U< I, I FLAG ( I  )-l ) 

UN( I  )  *U< I , IFLAG ( I  )-l ) 

XN( I ) *X 1 1 , IFLAG( I  )-l ) 

YN< I  )*Y( I , IFLAG ( I  )-l  ) 

UNPIl  ( I  )*U(  I ,  IFLAG ( I  )-2) 

UNP11(  I  )*U<  I,  IFLAG4 1  )-2) 

XNNK  I  )*X<  I,  IFLAG ( I  )-2) 

VN.11U  )*Y(I,IFLAG<I)-2) 

RNH1 1 1 >*SNGUHC  +  DRx( IFLAG (I  )-2) ) 

601  CONTINUE 

C 

CALL  BOUND ( DRSING, AC, 8C,U0, 5 ) 

C 

C«x  SCALE  SELECTED  VARIABLES  INTO  CGS  UNITS  5JXXXXXXXJJXS2JSX 


USCA*3 . 0E2/EBYNC2 
RSCA-1 .0/(BOJE3YNC2) 

DO  210  1*1,100 
A( I  )•  AC(I)/ASCALE 
BCD*  BCtI)/3SCAL£ 

RS( I  )*RS( I  )XRSCA 
RA( I  ) *PA t I  )XPSCA 
U< I ,NDR  )*U( I ,NDR )XUSCA 
YP< I.NDR  )  *Y( I ,NDR )XB0 


barker  and  ottinger 


ifclazi  co  to  210 

VP<  I,NDR)*YP<  I.NOR)-*U<I,NDR)XB0/RANODE 
310  CONTINUE 

c 

Ciniiiiimnj  THE  OUTPUT  xxxxxxxxsxxhxxxxsxxxxxxxjxxjxjjxxxxxxxxxx 
C 

8CATH  •  FX3CX0.001 
URITE ( S, 993 )  BCATH 

999  FORMAT! 'l'.-'/z.Eex, 'FOR  A  MAGNETIC  FIELD  NEAR  THE  CATHODE  OF', 
l  E13.5, '  KILOCAUSS  !',/✓> 

IF(LAZ)  GO  TO  201 
URITE (6, 1000 ) 

1000  FORMAT! 3X, 'I'. 9X, '  A' ,  1 IX ,  '  8 ' ,  14X,  'RS ' ,  10X,  'RA' ,  UX,  'E(RA ) '  , 

&  ?X,'U!RA)',11X.'U!RA)',?X,'URA',//) 

DO  2eo  r-1.100 

200  URITE (6, 1001 )  I,  A!  I  ),S(I),RS(I),RA(I  ),X(I,MDR),U(I,NDR),U(I,HW) 

&  , URA ( 1 ) 

1001  F0RnAT(iX,I3,4!3X,2E12.4J,/) 

CO  TO  202 

201  IFtLClN)  CO  TO  203 
URITE(6,10O2) 

CO  20-4  1*1,100 

20-4  URITE (6, 1001 )  I,  A! I  ),B< I ),RS< I >,RA( I >,X! I,HDR ),Ut I,HDR) 

&  ,  YP! I, NOR ),URA( I ) 

1002  FORflATOX,  'I',9X. 'A'.ilX,  '3',14X,  'RS',10X,  'RA' ,  1 IX, 'E(RA)' 

&  ,?X.'U!RAl',10X,'8T!RA)'.6X,'3TRA',//) 

CO  TO  202 
203  URITEfS, 1003 ) 

00  20S  -1*1,100 

205  URITE<  S, 1001 )  I,A(I),8(I),RS(I),RA(I),X( I,NDR  ),U( I,NDR ) 

1003  FORMAT ( 2X, ' I ' , 12X. 'A' . 16X, '3' , 15X. 'RS ' , 13X, 'RA' , 12X, 

&  '£(RA)',8X, 'U(RA)',//) 

202  CONTINUE 
C 

CXXXXXSXXX  CALCULATION  OF  SAMPLE  3-FIELD  PROFILES 
C 

IF(LAZ)  GO  TO  2S1 
R  *  RC 

DO  2S0  1*1, NOR 

R*R+DR 

RINU-1.0/9 

YPa.IWYIU,l)+UlIl,I)SRINU)  *  30 
YP(2.I  )-(Y(I2,I HU!I2,I JXRINU)  X  B0 

250  YP(3, 1  )*(Y(  13,1  )»U! 13, I  JXRINU)  X  30 
GO  TO  2S3 

251  CONTINUE 

DO  252  I-l.NCR 

YP< 1,1)  *  30  X  Y< 1 1 , I  5 

YP(2, 1  )  •  B0  X  YH2.I) 

252  YP(3.I)  •  80  X  Y( 13,1 ) 

253  CONTINUE 
C 

CXXX  SCALING  OF  THE  POTENTIAL  XXXXXXXXXXXXXXXXXXXXXXXSXTXXXSX 
C 

DO  2S3  1*1. NCR 
UCl.I)  •  U<Ii,I)  X  USCA 
U!I2.I)  •  U( 12, 1)  X  USCA 
2S0  U( 13, 1 3  •  U! 13, 1 )  X  USCA 
C 

URIT£(6,10CS)  11,12,13 

1006  FORMAT! IX, ////v, IX,  'PHI  AND  8-FIELD  PROFILES  FOR  CA,B)  CHOICES', 
&  14,  ',',14,',  AND',  1-4,'  .',///) 

C 

DO  303  I*1,NDR,2 

300  URITEtS, 1035  )  I,U(I1,I),VPC1,I),U(I2,I),YP(2,I),U(I3,I5,YP(3,I) 
1005  FORMAT ( IX, 13,3! 3X,2£14 .5 ) ) 

C 

CXXX  COMPARE  VALUES  AT  ELECTRON  SHEATH  BOUNDARY  XXXXXXXXXXXXXXXXX 
C 

CALL  MATCH! RSTAR , UR A , YST AR , XSTAR , 3C ) 

C 

URIT£(6. 1010) 
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1010  F0RP1AT(1X,/////,1X,  'flATCHtNG  UALUES  AT  SHEATH  BOUNDARY',//. 
4  3X.'I'.SX.'RS'.t3X.'USl',3X, 'US2',12X. 'ESI ' , 

m  4  3X, 'ES2 ' , 12X, 'US1 ' , 9X, ' YS1 ' , 9X, ' US2 ' ,// ) 

C 

CXXX  SCALE  RSTAR  INTO  CENTIMETERS  XXXXX XXXXXXXXXXXXXTXXXXSSSX 
C 

DO  650  1*1,100 
6S0  RS( I  )«RSTAR< I  )XRSCA 

c 

DO  700  1*1,100 

700  URIT£(6, 1004 )  I.RSC  ),USTAR(I  ),U$(I  >,XSTAR( I  ),ES< I ), 

€)  4  USTAR(I),YSTAR(I),L.(I) 

1004  F0RnAT(lX.I3.2X,E12.4,2<3X,2El2.4),3X.3E12.4,/) 

IF < IT.LT.Nf )  00  TO  400 
C 

STOP 

C 

END 


C 

C 

C 

c  subroutine  bound 

c 

SUBROUTINE  BOUNCOR.A,3,U0,I?ER> 

LOGICAL  LA2.LCIN, LIONS 
C 

DIMENSION  A<ie0).B<100),R(100),SC91(ie0) 

c 

COMMON  /FIT/  UN(  100 )  ,UN(  1 00  )  ,  XN(  1C3J,YN(10O),  L'NPtl  (100  )  ,UNPU  ( 190 ) , 

&  XNN 1  ( 1 00  > ,  YNIT 1  ( 1 00  ) ,  RNH 1  <1 00  ) ,  RST AS  ( 1 00  ) ,  USTAR  <1 09  >. USTAR ( 100 ) , 

4  XSTAR( 130 ), YSTARt 100 ) 

conhon  /su itch/  laz.lcin.lions 

COMMON  /ITCHY/  A1  <  100 ),  B1  ( 100),  A2U00),  32(109) 

c 

EPS* 1.0 

IF<LA2)  EPS-0.0 
F  •  1.0 

IF(. NOT. LOIN)  F  — 1.0 
C 

CtXX  MAKE  ZEROETH-ORDER  GUESSES  XXXXXXXXXXXXXXXXXXXXSXXXXXXXXXXXXX 

c 

do  i  r*i,i00 
R( I  )*DR 
USTAR(I)*UN(I) 

USTAR < I  )*UN( I ) 

XS7AR1 I  )*XN( I ) 

1  YSTAR( I )*YN( I ) 

C 

£***  ITERATE  FOR  SOLUTIONS  XXXXXXXXXXXXXXXXXXXXXSXXXXXXXXXXXXXXXXX 
C 

DO  2  IT*1, ITER 
C 

CXXX  CALCULATE  A1  AND  B1  *« 

C 

DO  3  1*1,100 

02  ( I)*FX4.0XA(I)/(3.0X(R(I  )+RNMl  ( I  )  )  ) 
c3  B2( I  )*FX(2.XUSTAR( I )XYSTAR( I  )-2.XXSTAR( I  )X( 1 .+USTAR( I ) ) ) 

DO  20  1*1,100 
IF(B2( I  ).GT.0.0)  GO  TO  20 
B2< I  )*1.0E29 
20  CONTINUE 
C 

DO  4  1*1,100 

A1(I  )•  A2(  i  )X(  1.0>USTAR(  I )  )/S0RT(B2d  )  ) 


27 


barker  and  ottinger 


4  81  <  I  )•  A2<nxuSTAA<n'SGRTCS2(I)) 

c 

CXXX  CHECK  FOR  NEGATIVE  VALUES  OF  'USTAR'  XXXXXXXXZXXXXXXXXXXXt 

c 

CO  30  1*1,100 

IF ( USTAR ( I  ).GT. 0.0, AND. USTAR (I 3.LT.U0)  00  TO  30 
USTAR(t)*  C1.0E-31XU0 
30  CONTINUE 

c 

CXXX  CALCULATE  R-CCRRECTED  XXX 
C 

CO  5  1*1,100 

A2 (I ) *  SORT  < USTAR t I 3 X ( 2 . 0+USTAfl ( I ) ) ) 

5  B2( I  )•  1.0  ♦  USTAR(I) 

C 

DO  6  1*1,100 

6  RSTAR(I)*  (A2(r)X(1.0+UN(ll(I))-UNHl(I)X82(I))  / 

8  ( VSTAR( I )X82< 1 )  -  XSTAS< I  )XA2< I ) ) 

C 

DO  14  1*1,100 

14  IF( (RSTARt I  )xF  ) .CE. 0 . 0 )  R( I  )*RSTAR< I ) 

C 

CXXX  CALCULATE  A2  AND  82  XXX 
C 

DO  7  1*1,100 

7  SCR1CI3  —  0.S/<R(I  )4RNP!im> 

c 

DO  8  1*1,100 

A2( 1 3 *SCR1 < I 3X1XSTAR ( I 3+3< I J^SORTI U0-USTARC I 3  3) 

8  821 1  3-SCR1  ( I  3x (YSTARtl  3+2. 0XEPSXUSTARI I  3XSCR1 (D) 

C 

CXXX  CORRECT  THE  PREDICTED  UALUES  XXX 
C 

DO  9  1*1,100 

XSTAR( I  )*XNni ( I  3+1 .Sxai ( I )XSORT(FXR( I )  )+2.0XA2( I )XR( I ) 

9  VSTAfid )*YNni(I 3  +  1. 5X81(1 )XSQRT(fXRC I)  3+2. 0X32(1 3XR(I) 

C 

DO  10  1*1.100 

USTARl I 3 *UNni ( I 3+R( I )X(XS?AR< I i-Al ( I 3TSGRTCFX9' I 3 )-A2( I )XR( 1 3 ) 

10  USTAR( I 3-UNMl ( 1 )+R< I 3X(YSTAR( I )-3l ( 1 3XSGRTCFXR( 1 3 )-B2( I )XR< I 3 ) 

2  CONTINUE 
C 

DO  12  1*1.100 
12  RSTARf I J.RNfll < I 3+R11 3 
C 

RETURN 

C 

END 


C 

C 

C  • 

C  SUBROUTINE  PRIME 

C 

SUBROUTINE  PRIM£<U.U,X,V,XP,YP,IT,IFLAG) 

C 

DIMENSION  S(100J,U<100),'J(100),X(100),Y(100),XP(100),YP(100> 
C 

COMMON  /ITCHY/SCA(100),SCB<100),SCCC100),SCD<100)  ' 

COMMON  /COEF/  A( leo ) , B (100 ) , RS ! 100 > ,RA( 100 ), AFLAGC 100), 

4  R. DR, RC.RANODE.RINV.U0. 20, £BYMC2,EMRAT,C,GAPLEN 
COMMON  /SUITCH/  LAZ.LCIN, LIONS 
C 

LOGICAL  LAZ.LCIH, LIONS 
INTEGER  ICLAC( 100 ) 

REALX8  R.CR.RC.RANODE 
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C 

FIND  THE  ELECTRON  SHEATH  RADIUS  XJXtXXJXt XXXXXXXTXXXXXXXXX 
C 

DO  l  1-1,100 

1  sa  >-2.o*uci  )*(u(i)+ucim<u<n-uun 

DO  2  1-1,100 

IFtS( I  ),GT.1.0£-8)  GO  TO  2 

s<n-i.e 

A(I  ) . 0 

IF(IFLAG(I).EO.0)  IFLAG(I)-IT 

2  CONTINUE 
C 

DO  7  1-1,100 
7  SC8< I )*A< I  )+RS(I ) 

C 

DO  3  1-1,100 

IF($CB< I 1.NE.0.0)  GO  TO  3 
RS  <  I )  •  R 

3  CONTINUE 
C 

CXXXXXXXXXX  FIND  THE  'ANODE  RADIUS' 

C 

DO  4  1-1,100 
IF  <  U  < I ) . LT . U0  )  GO  TO  4 
A< 1 )  *0. 0 
B(I)-0.0 
AFLAG( I ) -0.0 
X(I)-0.0 
V<I  )*0.0 
A  CONTINUE 

C 

DO  5  1-1,100 

5  SCA< I )-AFLAG< 1 )>RA(2  3 
C  * 

DO  6  1-1.100 

IF(SCA< I )  .NE .0.0 )  GO  TO  6 
RA< I 5-R 

6  CONTINUE 
C 

do  ie  1-1,100 

10  SCA(I)-  1.0/SQRT<S<I)) 

DO  11  1-1,100 

11  SCB(I)-A(nxSCA(I) 

DO  12  1-1,100 

XP< I )-SC8< I  )*< 1 ,0+UCI ) ) 

12  VP(I )-SC8(I  )XU(I) 

DO  13  1-1,100 

13  SCA(I)  ■  U0-U(I) 

DO  14  I -1,100 

IF (SCA( I ) . GT .0. 0  )  GO  TO  14 
SCA(I >-1.0 

14  CONTINUE 

DO  IS  1-1,100 

15  SCC<n-1.0'SGRT(SCA<I)) 

DO  16  1-1,100 

16  SCA< I )*XP(  I  )-B<  I  )XSCC(I ) 

DO  17  1-1,100 

17  SC8CI)  •  YP(I) 

IF(LAZ)  GO  TO  19 
DO  18  1-1,100 

IS  SC8< I )*SCB( I )-AFLAG( I  )*U( I  )XRINV 

19  CONTINUE 

DO  20  1-1,100 
SCC(I)-SCA(I)-X(I) 

20  SCD( I )-SC8t I  )-Y( I ) 

DO  21  1-1,100 
XP(I)-SCC(I)JRINU  . 

21  YP< I )-SCD( I JXRINU 
C 

RETURN 


ooooooo 
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subroutine  hatch 


c 

c 


c 


c 

cxxx 

c 


1 

2 


3 

C 

c  xtt 
c 

c 


s 


7 
6 

C 

4 

9 

C 

8 

C 

CUI 

c 

c 
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C 
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SUBROUTINE  HATCH ( RSTAR. URA, YSTAR,XSTAR, 80 > 


L0C1CAL  LA2,LCIN, LIONS 
REACTS  R, DR, RC,RANOCE 


COHHON  /COER/  AI 108 ), 8 1 100  ) ,RS< 108 ) ,RA< 100 ), AFLAC 1 190  >, 
l  R.DR,RC,RANOD£.RINU,U0,80 

COMMON  -'SWITCH/  LAZ, loin, HONS 

COMMON  /ITCHV/  SCAU00>,SC8(100>,SCCU00>,SCta00> 


DIMENSION  RSTAR ( 100  ),URAI 180  )  .YSTARI 190 >,XSTAfi< 1001, 

X  8C< 189 )  ,RATC 109 ), RATINVI 100 ),GI 180 ),BETAI 100 ), 

4  8ETAPC100) 


DETERMINE  NEEDED  CONSTANTS  XTXXXTIXXTXTXXXXXXXXXTXXXXXX 


RASINC*SNGL(RANOC£> 

DO  1  1*1.100 

rati  d*ras:nc/rst  arid 

cai-i.s 

do  a  i*i,i00 

RATINUIJ  )• 1 .0/RATI 1 ) 

DO  3  1*1,100 

IFIRATINU<D.CT.0.0)  GX I  )*ALOG(RATINU(I ) ) 

CONTINUE 

HATCH  THE  HAGNETIC  UAR1ASLE  XXXXXXXXXXXXXXXXXXXXXXTTXXXX 


IFILAZ)  GO  TO  4 


DO  S  1*1,100 

SCA< D*  2.01URAID  -  YSTARI I JXIRASING-RSTARI I JXRATINUd )  ) 
DO  S  1*1,109 

IFIRATID.NE.1.0)  GO  TO  7 
GO  TO  6 

SOB  ( I )  -  SCAID/  < RATI  I  l+RATINUt  I ) ) 

CONTINUE 
GO  TO  S 

CONTINUE 
DO  9  1-1,100 

SCSI  I)  *  URAIDXRATU  V88 


CONTINUE 

HATCH  THE  ELECTRICAL  UARIABLES  XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 
I? I .NOT, LIONS  3  GO  TO  29 
DO  10  1*1,100 

BETAID  •  G!  X  lit  1.8  -  GIDXI  9.409  -  GIDXI  9.16SSE-2 
X  -  GIDXI  1.4242E-2  -  GIDXI  1.6793E-3  -  GIDXI  1.6122E-4 

X  -  GIDXI  1.293FE-5  -  GIDXI  3.87S3E-7  -  GIDXI  5.461SE-8 

4  -  GIDXI  2.S434E-9  -  GIDXI  1.3603E-10  -  GIDXI  7.U01E-13 

4  -  GIDXI  2.6644E-13  ♦  G(DX  1 .2S2SE-1S) ))))))))))) ) 

CONTINUE 

DO  11  1*1,100 

BETAPII)  •  (  1.0  -  GIDXI  0.3  -GIDXI  2.7SE-1  -  G(Dx( 

4  5.6363E-2  -  GIDXI  8.3S64E-3  -  GlDxi  9.S733E-4 

4  -  GIDXI  9 . 0544E-5  -  GIDXI  7.101SE-6  -  GIDXI  4.91S7E-7 

4  -  GIDXI  2.9434E-S  -  GIDXI  1.49S3E-9  -  GIDXI  8.5321E-12 

4  -  GIDXI  3.4637E-12  ♦  GIDX  1 . 7S36E-14  ))))  j ))))))  D/RSTARII  > 

CONTINUE 
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DO  12  1*1.100 

SCC  <  I )  •  lie  -  <ABS<9.e*RSTAR(I)*BETAa>X3ETACI)XBCm)/'4.e> 
,  «<2.e/3.e> 

do  13  i*i, lee 

scodi*  -<2.e/3.e)*<ue  -  sccamu.e/RSTARm 

,  ♦  2.0X8ETAPC I  )/B£TA( I ) ) 

GO  TO  14 

CONTINUE 

do  is  i*i, iee 

IF(RAT<I).GT.e.e>  G(I  )*A10GCRAT( I ) ) 

do  16  i*i, iee 

seem  •  ue  -  xstari i ixrstari i  ixgi i ) 


RETURN 


Appendix  B 

SAMPLE  SOLUTION  FOR  A  RADIAL  DIODE 


In  order  to  provide  an  example  of  the  iterative  "shooting"  technique  solution  process,  the  radial 
diode  depicted  in  Fig.  6  was  modeled.  Two  megavoit  operation  of  such  a  geometry  should  make  the 
case  interesting  to  those  in  the  light  ion  beam  research  area.  The  desired  configuration  was  specified  by 
the  following  choice  of  variables: 

a.  LAZ  -  .FALSE., 

b.  LCIN  -  .TRUE., 

c.  LIONS  -  .TRUE., 

d.  RC  -  5.0, 

e.  RANODE  -  5.5, 

f.  UO  —  2.0E6,  and 

g.  B0  -  2.0E4. 


As  for  the  numerical  factors,  NDR  was  left  at  500  and  ERROR  was  chosen  as  0.02. 


Fig.  6  —  The  radial  diode  ’.esi  case 
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A  quasi-static  computer  simulation  of  this  diode  has  been  completed25  and  the  numerical  results 
indicate  an  electron  current  density  at  the  cathode  of  approximately  3.8  x  104  amps/cm2  with  a  comple¬ 
mentary  ion  current  density  of  about  1.3  x  104  amps/ cm2.  Due  to  the  geometric  electric  field  enhance¬ 
ment  at  the  anode  surface,  it  can  be  assumed  that  this  ion  current  is  too  high.  In  the  simulation,  the 
axial  magnetic  field  strength  at  the  cathode  surface  was  found  to  go  slightly  negative.  Such  field  rever¬ 
sal  cannot  be  expected  if  the  electron  and  ion  currents  are  significantly  reduced.  Given  the  high  vol¬ 
tages  of  this  test  case,  the  approximate  solutions  presented  in  Figs.  3  and  4  do  not  provide  any  addi¬ 
tional  assistance  in  choosing  reasonable  guesses.  As  a  first  test  for  RADBER,  therefore,  it  was  decided 
to  search  the  following  parameter  ranges: 

(a)  (iUoujuxfc  “  5,  6,  7,  and  8  kilogauss. 

(b)  Ten  equispaced  values  of  2.0  x  104  <  j  <  4.25  x  104  amps/cm2. 

(c)  Ten  equispaced  values  of  0.3  x  104  <  J  ^  0.75  x  104  amps/cm2. 

In  examining  the  numerical  results  from  the  program  it  is  important  to  note  that  in  cases  such  as  this 
where  the  electron  sheath  boundary  will  lie  close  to  the  anode  surface,  the  matching  of  values  at  p  - 
P4  is  extremely  unreliable  due  to  the  sharp  discontinuities  in  U"  and  W"  at  p  -  ps.  As  a  general  rule, 
therefore,  one  must  perform  the  matching  tests  at  p  -  ps.  After  good  matches  are  found  there,  the 

corresponding  tables  forp  -  pA  may  or  may  not  add  corroboration  but  they  can  never  be  used  to  over¬ 

rule  thep5  test  results.  Similarly,  the  sample  <b  and  B.  profiles  are  to  be  trusted  completely  only  inside 
the  electron  sheath. 

An  examination  of  the  matching  results  for  this  first  parameter  search  yielded,  as  might  be 
expected,  only  a  few  promising  candidates.  By  far  most  of  the  values  to  be  compared  atp  -  ps  differed 
by  at  least  factors  of  two.  From  this  mass  of  data,  however,  the  best  matches  were  extracted  for 
presentation  in  Table  2.  The  closest  fit  seems  to  be  reached  for  (fl.)cath »  7  kG,  j  -  2.75  x  104  and 
J  -  0.35  x  104.  The  next  logical  search  region  seems  to  be: 
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TABLE  2.  SAMPLE  RADIAL  DIODE  OUTPUT 


BZ 

JE 

JI 

(US)  IN 

(US  'OUT 

(XS  JIN 

(XS  'OUT 

(US  ) IN 

(US)OUT 

5.0 

2.50 

0.40 

2.36 

3.89 

0.552 

0.559 

3.21 

5.54 

5.0 

4.00 

0.55 

2.95 

3.89 

0.443 

0.688 

3.32 

5.52 

8.0 

2.70 

0.40 

2.85 

3.76 

0.703 

0 . 956 

3.72 

5.25 

6.0 

3.50 

0.45 

3.36 

3.91 

0.532 

0.340 

4.25 

5.58 

7.0 

2.25 

0.30 

3.23 

3.87 

0.855 

0.612 

4.11 

5.44 

7.0 

2.75 

0.35 

3.48 

3.86 

0.772 

0.694 

4.36 

5.41 

7.0 

3.50 

0.40 

3.74 

3.85 

0.293 

0.776 

4.63 

5.33 

8.0 

2.50 

0.30 

3.66 

3.73 

0.906 

0.871 

4.S5 

5.03 

UHERE  IN 

THIS 

TABLE  AS 

WELL  AS 

IN  TABLE 

S  3,  4, 

AND  5: 

BZ  IS  IN  KILOGAUSS, 

JE  AND  JI  ARE  IN  UNITS  OF  10,000  AflP 'CMSO,  AND 
US,  XS,  AND  US  APE  ALL  DIMENSIONLESS. 

(a)  (5,)^  -  6.5.  7.0,  and  7.5  kG. 

(b)  Ten  equispaced  values  for  2.0  x  104  <  j  <  3.8  x  104. 

(c)  Ten  equispaced  values  for  0.25  x  104  ^  J  <  0.43  x  104. 

The  RADBER-generated  matching  values  at  p  Pj  provided  the  results  listed  in  Table  3.  The  best 
overall  answers  seem  to  be  for  (£.)cith  -  7.5  kG,  j  “  2.80  x  104,  and  0-  0.33  x  104.  For  those 
parameters,  the  worst  match  occurs  for  Ws.  However,  the  jump  in  those  values  of  Ws  compared  to 
their  neighbors  in  the  table  suggests  that  the  program  is  searching  in  a  sensitive  region  of  parameter 
space.  Such  "sensitivity'’  often  implies  that  one  is  close  to  the  correct  answer  in  the  search.  To  further 
delineate  the  correct  range,  it  seems  reasonable  to  check  adjacent  (5:)MIh  values.  For  the  third  test 
search,  therefore,  the  following  ranges  are  chosen: 


(a)  (£.)*,„  -  7.25,  7.50,  7.75,  and  8.00  kG. 

(b)  Ten  equispaced  values  of  1.7  x  104  <  j  ^  3.5  x  104. 

(c)  Ten  equispaced  values  of  0.25  x  104  <  /  <  0.43  x  104. 
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TABLE  3.  SAMPLE  RADIAL  DIODE  OUTPUT 


B2 

JE 

JI 

(US J IN 

(US  J0U7 

( >:s  )IN 

i XS  )0UT 

(US  ) IN 

(US  )0UT 

6.5 

2.00 

0.29 

2.98 

3.89 

0.790 

0.526 

3.85 

5.51 

6.5 

2.20 

0.31 

2.81 

3.86 

0 . 7'3e 

0.625 

3.68 

5.42 

6.5 

3.00 

0.39 

3.38 

3. 89 

0.638 

0.604 

4.26 

5.58 

6.5 

3.20 

0.41 

3.43 

3. 86 

0.643 

0.722 

4.32 

5.43 

7.0 

2.00 

0.29 

2.76 

3.60 

0.350 

0.931 

3.63 

4.95 

7.0 

2.20 

0.31 

2.94 

3.66 

0.360 

0.962 

2.81 

5.03 

7.0 

2.40 

0.33 

3.09 

3.69 

0.357 

0.959 

3.97 

5.03 

7.0 

2.60 

0.35 

3.21 

3.70 

0.341 

0.975 

4.09 

5.09 

7.0 

2.80 

0.35 

3.55 

3.29 

0.732 

0.559 

4.44 

5.50 

7.0 

3.00 

0.37 

3.60 

3.36 

0.674 

0.698 

4.49 

5 . 42 

7.5 

2.0O 

0.27 

3.06 

3.67 

0.938 

0.390 

3.93 

5.01 

7.5 

2.20 

0.29 

3.23 

3.71 

0.934 

0.384 

4.11 

5.07 

7.5 

2.40 

0.31 

3.36 

3.72 

0.914 

0.399 

4.24 

5.09 

7 . 5 

2.60 

0.33 

3.46 

3.71 

0.380 

0.934 

4.35 

5.03 

7 « 5 

2.80 

0.33 

3.75 

3.87 

0.667 

0.641 

4.65 

5.43 

7.5 

2.80 

0.35 

3.54 

3.69 

0.335 

0.338 

4.43 

5.03 

7.5 

3.00 

0.35 

3.78 

3.22 

O.530 

0.734 

4.67 

5.31 

The  best  matches  are  listed  in  Table  4.  Clearly  the  most  tantalizing  results  are  those  for  the  8.0  kilo- 
gauss  case.  For  that  fixed  value  of  (fl.)calh  a  close  match  for  each  of  the  three  variables  tested  can  be 
found  within  the  given  (J,J)  matrix.  More  importantly,  all  of  the  matches  fall  on  the  line  j  -  2.10  -f 
10  (J  —  0.27)  -  107-  0.60.  Two  possibilities  suggest  themselves;  either  the  solution  falls  on  a  similar 
line  for  an  adjacent  magnetic  field  value  or  it  lies  on  an  adjacent  (y.7)-line  unresolved  by  the  coarse 
mesh  but  at  the  same  field  value.  The  former  alternative  will  be  tested  first  by  examining  the  same 
( J.J)  mesh  for  the  values,  (fl.)calh-  7.9,  8.1,  8.2,  8.3,  8.4,  8.5.  The  major  results  are  listed  in  Table  5. 
The  coalescence  of  circled  solutions  indicates  a  finer  scale  search  in  the  region  delineated  by: 

(a)  -  8.3,  8.4,  8.5,  8.6,  8.7  kG. 

(b)  Ten  equispaced  values  of  1.65  x  104^  j  <  2.55  x  104. 

(c)  Ten  equispaced  values  of  0.225  x  104  <  J  <  0.315  x  104. 

No  tabulated  results  are  necessary  for  this  run  since  a  "hit"  was  scored  in  the  p  -  p$  matching  results 
for  the  parameter  combination  (fl.)c„h-  8.7  kG,  j  -  2.25  x  104  amps/cnr,  and  J  -  0.275  x  104 
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TA8LE  4.  SAMPLE  RADIAL  DIODE  OUTPUT 


8Z  JE 


( US  JIN  (USJOUT  (XSJIN  (XSJOUT  (USJIM  (US)OUT 


3.00 

3.16 

3.29 


0 

.899 

0 

.928 

0 

.895 

0 

.924 

0 

.878 

0 

.939 

0 

.678 

0 

.671 

0 

.321 

0 

.338 

0 

.605 

0 

.807 

0, 

.859 

0. 

.723 

0, 

.801 

0. 

.792 

e, 

.459 

0. 

.501 

0. 

.734 

0. 

.879 

O, 

.366 

0. 

.726 

0. 

.662 

0. 

.  97S 

0. 

.288 

0. 

.888 

0. 

908 

1  . 

.374 

0. 

.813 

1. 

.207 

0. 

.972 

0. 

.841 

0. 

.950 

0. 

,355 

0. 

.910 

0. 

,891 

0. 

627 

0. 

610 

0. 

856 

0. 

,947 

0. 

517 

0. 

,762 

1. 

Oil 

0. 

958 

0. 

994 

0. 

977 

0. 

960 

1 . 

012 

9 


0.778 


1.063 


1.125 


1.197 


5.02 

5.07 

5.09 

5.42 

5.58 

5.32 

5.33 
5.27 
5.52 
5.19 
5.37 
5.09 
5.22 

4.40 

4.75 
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TABLE  5.  SAMPLE  RADIAL  DI00€  OUTPUT 


IZ 

J£ 

j: 

(US)IM 

(US)CUT 

<XS  >IN 

(XS)OUT 

(US  JIN 

(US  >OUT 

7.9 

2.39 

9.29 

3.42 

3.66 

0.977 

0.932 

4.38 

4.95 

7.9 

2.59 

9.31 

3.53 

3.65 

0.940 

0.963 

4.- (2 

4.94 

7.9 

2.78 

9.33 

3.61 

3.63 

0.339 

1.020 

4.50 

4.90 

7.9 

2.99 

8.3S 

3.68 

3.59 

0.326 

1.035 

4.57 

4.33 

7.9 

3.19 

9.37 

3.72 

3. 54 

0.754 

1. 168 

4.61 

4.74 

7.9 

3.39 

9.39 

3.7S 

3.47 

0.677 

1.241 

4.64 

4.64 

7.9 

3.59 

9.41 

3.76 

3.49 

0.599 

1.133 

4.65 

4.S2 

8.1 

2.19 

8.27 

3.24 

3.53 

1.026 

0.993 

4.12 

4.71 

8.1 

2.39 

9.29 

3.39 

3.55 

1.011 

1.018 

4.28 

4.75 

8.1 

2.59 

9.31 

3.51 

3.55 

0.930 

1.053 

4.40 

4.74 

8.1 

2.79 

9.33 

3.69 

3.53 

9.932 

1.102 

4.49 

4.71 

8.1 

2.99 

9.3S 

3.67 

3.49 

0.373 

1.163 

4.56 

4.65 

8.1 

3.19 

8.37 

3.72 

3.44 

3.882 

1.233 

4.61 

4.56 

8.2 

2.19 

9.27 

3.22 

3.47 

1.040 

1.035 

4.10 

4.61 

3.2 

2.39 

9.29 

2.38 

3.59 

1 .028 

1.056 

4.26 

4.65 

8.2 

2.59 

9.31 

3.58 

3.58 

0.999 

1.091 

4.33 

4.64 

8.2 

2.59 

9.33 

3.28 

3.16 

1.039 

1.314 

4.03 

4.18 

8.2 

2.79 

8.33 

3.59 

3.48 

0.954 

1.139 

4.48 

4.61 

8.2 

2.99 

9.35 

3.66 

3.44 

0.397 

1.198 

4.56 

4.55 

8.3 

1.99 

9. 25 

3.81 

3.36 

1.045 

1.858 

3.23 

4.44 

8.3 

2.19 

9.27 

3.2! 

3.41 

1.054 

1.063 

4.03 

4.51 

8.3 

2.39 

9.29 

3.37 

3.44 

1.045 

1.032 

4.2S 

4.55 

8.3 

2.59 

9.31 

3.49 

3.44 

1.013 

1.127 

4.33 

4.55 

8.3 

2.79 

9.33 

3.59 

3.42 

0.975 

1.174 

4.48 

4. 

8.3 

2.99 

9.35 

3.66 

3.39 

9.913 

1.232 

4.55 

4.46 

8.4 

1.99 

9.25 

2.39 

3.29 

1.057 

1.033 

3.S6 

4.34 

8.4 

2.19 

0.27 

3-19 

3.35 

1.069 

1.101 

4.07 

4.41 

8.4 

2.39 

9.29 

3.35 

3.38 

1.962 

1.125 

4.23 

4.45 

8.4 

2.58 

9.31 

3.43 

3.39 

1.037 

1.160 

4.37 

4.45 

8.4 

2.78 

8.33 

3.53 

3.37 

0.996 

1.207 

4.47 

4.42 

8.5 

1.99 

9.25 

2.97 

3.23 

1.067 

1.117 

3.34 

4.24 

8.5 

2.19 

9.27 

3.17 

3.29 

1.082 

1.131 

4 . 05 

4.31 

S.S 

2.39 

9.29 

3.34 

3.32 

1.077 

1.156 

4.22 

4.3S 

8.5 

2.59 

9.29 

3.99 

2.92 

1.069 

1.365 

3.38 

3.28 

S.S 

2. 59 

9.31 

3.47 

3.33 

1.056 

1.192 

4.35 

4.35 

amps/cm2  For  that  choice,  RADBER  found  the  following:  rs  *»  5.445,  3.438,  (Us) out” 

3.381,  (-Ys),n-  1.104,  (,Y5)ogl  -  1.096,  (  W/j),n  ”  4.324,  and  ( W's)0Ut  ”  4.397.  It  is  interesting  to  note 
that  the  matching  at  p  -  p4  yielded  rs  -  5.445,  r4  -  5.497,  E4  -  -0.0053,  6  4  **  2.0  MV,  and  WA  — 


5.435.  Only  the  value  for  WA  is  significantly  displaced  from  its  proper  value  of  5.600.  A  final  fine- 


tuning  run  is  called  for  not  so  much  to  obtain  better  values  for  the  parameter  guesses  but  rather  to 


obtain  useable  profiles  for  the  quantities  <b  (r)  and  BAr).  For  this  final  run,  it  was  decided  to  pick: 


(a)  ( B,)cath  -  8.675.  8.700,  and  8.725  kG. 

(b)  Ten  equispaced  values  of  2.05  x  104  <  j  <  2.50  x  104. 

(c)  Ten  equispaced  values  of  0.255  x  104  ^  J  <  0.300  x  104. 
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The  results  of  that  run  clearly  indicate  a  best  choice  of  parameters  as  [(5;)c»th.  /•/))  *“  (8.725  kG,  22.0 
kA/cm2,  2.75  kA/cmJl.  For  that  combination,  matching  at  p  -  ps  yielded  (6's), n”  3.306,  (6's)0UI- 
3.268,  (£s)in-  1.116,  (£s)ou.-  1-152,  ( “  4.188,  (W/s)oul-  4.235,  and  -  5.436  cm.  The  per¬ 
centage  errors  in  each  of  the  respective  quantities  are  A  v  -  1.2%,  -  3.2%,  and  -  1.1%.  Given 

the  2%  error  margin  chosen  for  the  predictor-corrector,  it  is  mathematically  pointless  to  seek  a  closer 
match.  The  radial  profiles  of  the  electrostatic  potential  and  axial  magnetic  field  values  supplied  by 
RADBER  for  that  chosen  solution  are  plotted  in  Fig.  7.  Note  that  the  nature  of  the  B-field  profile  is 
qualitatively  identical  to  those  plotted  by  Ron,  et  al.,  (see  Ref.  11).  On  the  other  hand,  the  E-field 
inferred  from  the  curve  of  <t>  (/■)  in  Fig.  7  sharply  differs  from  that  cited  in  the  above  journal  article. 
The  difference  exists  because  the  presence  of  ions  was  not  treated  in  Ref.  11.  Ion  emission  at  the 
anode  surface  requires  that  the  electric  field  strength  go  to  zero  there. 


These  RADBER  results  represent  a  very  significant  departure  from  the  results  of  the  full 
DIODE2D  computer  simulation  of  the  radial  diode  under  study.  Instead  of  a  slightly  negative  B.  at  the 
cathode  surface,  RADBER  predicts  8.725  kG.  Instead  of  an  electron  current  density  of  38  kA/cm:, 
RADBER  finds  22  kA/cm2.  Finally,  and  most  dramatically,  we  are  left  with  only  2.75  kA/cm:  of  ion 
current  density  compared  to  D10DE2D’s  13.0  kA/cm2.  These  observed  differences,  how- ver,  may  be 


attributed  to  two  major  causes: 
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(1)  The  electric  field  near  the  anode  of  the  actual  simulated  radial  diode  is  enhanced  due  to  2-D  dis¬ 
tortions  which  cannot  be  modeled  by  RADBER’s  one-dimensional  treatment. 

(2)  The  DIODE2D  simulation  accurately  treated  the  azimuthal  magnetic  insulation  present  in  the 
actual  diode  as  well  as  the  axial  one.  Given  the  currents  of  over  a  megampere  flowing  through 
the  cathode  shank,  very  large  values  of  could  be  expected.  This  additional  field  component 
could  easily  have  modified  the  results  of  the  simple  1-D  model  by  the  degree  shown.  As  an  addi¬ 
tional  reference  point,  simple  Child-Langmuir  bi-polar  analysis  predicts  an  electron  current  density 
of  just  under  50  kA/cm2  and  a  corresponding  J  of  1.2  kA/cm2.  It  is  interesting  that  both  densities 
are  off  by  factors  of  two  from  the  RADBER  results  but  in  opposite  directions. 

In  conclusion,  therefore,  RADBER,  has  given  a  reliable  order-of-magnitude  estimate  for  the 
current  flow  through  the  system.  It  also  gives  an  investigator  some  appreciation  for  the  degree  to  which 
combined  axial  and  azimuthal  insulation  can  modify  a  simple  axial  insulation  prediction.  Of  course, 
RADBER  can  also  be  used  to  predict  a  purely  azimuthal  insulation  result  for  this  same  diode  in  order 
to  give  even  more  insight  into  the  overall  physics  of  its  operation.  Such  further  studies  would  be  valu¬ 
able  for  specific  diode  designers. 
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Appendix  C 

SAMPLE  SOLUTION  FOR  A  VACUUM  TRANSMISSION  LINE 

As  part  of  the  NRL  Light  Ion  Fusion  Research  Program,  high  power  diodes  were  tested  for  use  as 
intense  ion  beam  sources  on  the  AURORA  pulsed  power  generator  at  the  Harry  Diamond  Laboratory. 
For  these  tests,  the  machine  was  operated  in  positive  polarity  so  that  the  magnetically  insulated  coaxial 
feed  line  which  transmits  the  power  from  the  generator  to  the  diode  has  a  configuration  qualitatively 
similar  to  that  pictured  in  the  lower  half  of  Fig.  2.  A  significant  difference,  however,  is  that  in  the 
actual  transmission  line  the  outer  conductor  is  conical  rather  than  cylindrical.  The  specific  geometry  is 
drawn  to  scale  in  Fig.  8  with  all  dimensions  given  in  centimeters.  In  recent  ion  diode  runs  on  this  dev¬ 
ice,  clear  evidence  was  found  that  significant  amounts  of  electron  current  were  impacting  the  outer  cir¬ 
cumference  of  the  end  of  the  inner  conductor  (anode).  This  could  represent  a  significant  loss  of  power 
that  could  have  been  usefully  applied  to  the  generation  of  ions  in  the  diode  instead.  The  250  kiloam- 
peres  of  current  flowing  through  the  anode  Stalk  had  been  assumed  to  be  quite  sufficient  for  generating 
a  strong  enough  azimuthal  B-field  to  insulate  any  electron  flow  in  the  line.  Apparently  it  may  not  be. 
The  RADBER  code  can  now  be  used  to  check  the  physics  of  the  assumption. 
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Quite  differently  from  the  case  treated  in  Appendix  B,  the  solutions  at  p  —  ps  proved  to  be 
extremely  erratic  in  the  immediate  vicinity  of  the  true  solution.  This  is  to  be  expected  judging  from 
the  sharp  discontinuity  in  the  slopes  of  both  the  electric  Reid  and  the  magnetic  field  for  this  case.  On 
the  other  hand,  the  sharpness  of  the  jumps  in  j  space  are  a  useful  aide  in  pinpointing  the  solution  after 
coarse  tuning  of  the  parameter  guesses  is  accomplished  through  matching  at  p  -  pA.  For  the  3  MV 
case,  the  correct  steady  state  values  for  rs ,  y,  and  (£<,)cllh  are  70.51  cm,  3.90  amp/cm2,  and  0.689  kG 
respectively.  Similarly,  for  <60  -  4  MV,  they  are  70.33  cm,  4.735  amp/cm2,  and  0.677  kG.  Finally,  for 
<i0—  5  MV,  the  corresponding  numbers  are  70.03  cm,  6.315  amp/cm2,  and  0.663  kG.  In  Fig.  9  are 
plotted  the  profiles  of  6  and  B„  near  the  cathode  for  all  three  cases.  Notice  the  pronounced  discon¬ 
tinuity  in  the  slope  of  each  £„  at  its  respective  electron  sheath  boundary  compared  to  the  relatively 
smooth  transition  of  6  across  the  same  boundaries.  In  vacuum,  the  BH  has  a  simple  r~l  dependence 
while  <£(/■)  is  proportional  to  In  r. 


Fig.  9  —  Protiles  of  4>  and  5,  for  she  modified  AURORA  MITL 
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The  weakest  insulation  can  probably  be  expected  near  the  end  of  the  anode  stalk  where  the  dam¬ 
age  was  experimentally  observed.  Cylindrically  coaxial  equilibrium  solutions  will  be  sought  for  that 
region  using  RADBER  for  total  voltages,  <60.  of  3.0,  4.0  and  5.0  mV.  Assuming  250  kA  of  axial 
current  in  the  anode  stalk  demands  a  vacuum  B9  of  approximately  0.7032  kG  at  the  lower  cathode 

radius  of  71.1  cm.  That  value  will  be  used  as  the  scale  B-fieid,  B0.  RADBER’s  numerical  variables 

must  then  be  set  as  follows: 

a.  LAZ  -  .TRUE. 

b.  LCIN  »  .FALSE. 

c.  LIONS  -  .FALSE. 

d.  ERROR  -  0.01 

e.  RC  -  71.1 

f.  RANODE  -  26.7 

g.  U<3  -  3.0E6,  4.0E6,  and  5.0E6 

h.  B0  -  0.7032E3 

i.  CURCEN  *  2.50E5. 

This  problem  is  somewhat  simpler  than  that  of  the  radial  diode  since  no  ion  current  is  present.  Thus, 
only  two  parameters,  j  and  (B9)alh,  must  be  guessed.  Similarly,  only  two  resultant  parameters.  I' and 
W'  -  Y,  must  be  matched  at  p  -  ps  and  p  -  pA.  As  a  starting  point  for  parameter  guesses,  simple 
Child-Langmuir  theory  predicts  about  6.2,  9.5  and  13.3  amps/cm2  of  emitted  electron  current  density 
for  <60  -  3.0,  4.0  and  5.0  MV  respectively.  With  such  low  values  for  j,  relatively  little  departure  from 
the  vacuum  B9  of  0.70  kG  can  be  expected.  This  in  turn  would  lead  to  values  of  ps  very  close  to  pr. 
Because  of  that,  finer  resolution  must  be  used  in  the  numerical  integration  so  that  a  value  of  \DR  - 
750  is  chosen.  The  details  of  the  numerical  solution  search  process  paralleling  that  used  in  Appendix  B 
will  not  be  given  here.  It  is  sufficient  to  note  that  the  reduction  of  the  work  from  a  three-point  to  two- 
point  shooting  problem  permitted  convergence  to  a  solution  for  each  of  the  three  voltages  within  three 
iterations  of  guesses. 
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These  solutions  indicate  that  there  is  very  little  to  fear  from  power  losses  to  electron  flow  in  this 
feed  line.  The  electron  sheathes  at  the  cathode  surface  are  all  on  the  order  of  only  one  centimeter 
thick  compared  to  a  radial  anode-cathode  separation  of  almost  forty-five  centimeters.  The  source  of  the 
experimentally-observed  damage  patterns  is  now  believed  to  be  some  phenomenon  associated  with  the 
plasma  erosion  switches  used  near  the  diode  assembly. 
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PRODUCTION  OF  INTENSE  LIGHT  ION  BEAMS 
FROM  A  SUPERPOWER  GENERATOR 

I.  INTRODUCTION 

Recent  technological  advances  in  the  production  and  focusing  of  intense 
pulsed  light  ion  beams  (hydrogen,  deuterium,  and  carbon)  have  raised  the 
attainable  intensities  from  levels  of  1  A/cm2  into  the  MA/cm2  regime.1-3  The 
present  achievements  of  high-power  ion  beams  and  the  potential  for  continued 
advancements  in  this  field  make  them  prime  candidates  as  drivers  for  inertial 
confinement  fusion  (ICF).  Requirements  of  an  ICF  system  that  are  met  by  an 
ion  beam  driver4-3  include:  (1)  ions  can  be  produced  at  high  efficiency  in 
extraction  geometries  appropriate  to  ICF  ignition,7-9  and  (2)  beam  power 
density  delivered  on  target  can  be  significantly  larger  than  the  source 
density  through  velocity  bunching  of  the  ions  during  transport , 1(3  by 
geometrical  shaping  of  the  ion  source,3  or  by  externally  magnetically  focusing 
the  extracted  ion  beam.7  A  specific  advantage  of  an  ion  beam  driver  for  ICF 
is  that  the  ion  energy  deposition  profile  in  the  target  is  more  favorable  than 
those  of  either  laser  photons  or  relativistic  electrons11. 

A  variety  of  diode  configurations  to  produce  light  ion  beams  for  ICF  have 
been  discussed  in  the  literature.1  In  this  paper,  experimental  investigations 
into  the  production  and  ballistic  focusing  of  proton  and  deuteron  beams  from 
one  such  diode  are  presented.  The  pinch-reflex  diode,3  developed  by  the  Naval 
Research  Laboratory  (NRL)  on  the  Gamble  II  accelerator,  was  matched  to  the 
PITHON  generator11-  at  Physics  International  Company.  In  addition  to  diode 
physics  studies,  the  coupling  between  a  biconic  magnetical ly  insulated  vacuum 
transmission  line  and  a  small  pinch-reflex  diode  at  high  stress  (E  >  2  x  1 03 
7/cm)  has  been  investigated. 

The  early  motivation  for  this  work  stemmed  from  computational  modeling  of 
the  pinch-reflex  diode  toward  ICF  applications.  The  PITHON  generator 
parameters  may  satisfy  requirements  for  a  single  module  in  a  mul ti -ion-beam 
target  irradiation  concept  based  on  beam  bunching  during  transport  in  Z- 
pinches1  and  multi -beam  overlap  on  target.  Two  experimental  sessions  were 
performed  with  this  generator:  The  first  studied  the  scaling  of  diode 
performance  and  ballistic  focusing  at  higher  powers  and  longer  pulselengths 
than  previously  available,  the  second  studied  the  detailed  shape  evolution  of 
the  electrode  plasma  surfaces--information  essential  for  design  of  a  diode  to 
produce  a  high  quality  focused  ion  beam.14 
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In  this  paper  we  present  the  results  of  these  studies.  The  generator  and 
diode  are  discussed  in  Sec.  II.  The  beam  diagnostics  employed  to  evaluate  ion 
species,  current  density  profile  and  history,  time-integrated  beam  geometry, 
and  anode  plasma  surface  evolution  are  described  in  Sec.  III.  The  principal 
results  of  the  two  experimental  sessions  are  presented  and  discussed  in 
Sec.  IV.  Conclusions  of  this  work  are  presented  in  Sec.  V. 

II.  EXPERIMENTAL  APPARATUS 

A.  Accelerator 

The  PITHON  accelerator,  shown  schematically  in  Fig.  1,  is  a  water 
dielectric  multi-stage  coaxial  transmission  line  driven  by  a  40-stage,  1.5-MJ. 
oi 1 -insul ated ,  twin  Marx  generator.  The  2.3  ii  intermediate  storage  capacitor 
is  charged  to  a  voltage  above  the  open  circuit  Marx  potential  (through 
ringup),  then  discharged  via  a  single-site,  sel f-breaking  water  switch  into  a 
1.3-ii  pulse  forming  line  (PFL).  Multi -site  water  output  switches  provide  a 
low-inductance  energy  transfer  from  the  PFL  to  a  tapered  1.0  first 
transformer  in  a  pulse  of  about  half  the  PFL  voltage  and  twice  the  duration. 

A  common  problem  in  pulsed  power  accelerators  is  a  low-voltage,  long- 
duration  "prepulse"  loading  the  diode  prior  to  the  main  high  voltage  pulse. 
This  phenomenon  is  due  to  capacitive  coupling  between  sequential  inner 
conductor  stages  of  the  accelerator  and  can  often  lead  to  diode  shorting  and 
nonreproducibility.  This  coupling  is  reduced  in  PITHON  by  a  low  permittivity 
epoxy  "prepulse  slab"  between  the  first  and  second  transformers  (see  -ig.  1). 
For  a  shot  yielding  a  2-MV  output  pulse,  this  technique  reduces  the  prepulse 
level  at  the  vacuum  interface  from  over  300  kV  to  below  10  k V  thus  allowing 
the  use  of  a  wide  variety  of  field-emission-diode  loads. 

Multi -site,  gas-insulated  switches  connecting  the  transformers  through 
the  prepulse  slab  close  on  the  leading  edge  of  the  high  voltage  pulse.  There 
are  two  interchangeable  second  transformers  which  connect  this  slab  to  the 
water-vacuum  interface  with  characteri stic  impedances  of  0.75  and  1.0  \i.  Both 
interfaces  allow  penetration  of  a  “transit  time  isolator"  cable  shield  through 
the  water  from  the  high-voltage  vacuum  cathode  to  the  grounded  outer  shell. 
Through  this  isolator  the  ion-beam  diagnostic  signals,  floating  at  the  2-  to 
2.5-MV  cathode  potential,  can  be  extracted  with  less  than  50-mV  noise. 


TRANSIT  TIME 


The  vacuum  feed  connecting  the  second  transformer  to  the  diode  is  shown 
in  Fig.  2.  The  shaded  area  is  the  water-dielectric  transmission  line,  which 
carries  the  electromagnetic  wave.  The  line  bends  radially  inward  and  flares 
to  reduce  the  electric  field  stress  on  a  graded  axial ly-stacked  epoxy 
interface  separating  water  from  vacuum.  Interface  voltage  and  current 
diagnostics  (Vy  and  Iy)  are  located  at  the  flare  in  several  azimuthal 
locations.  On  the  vacuum  side  of  this  interface,  the  energy  pulse  is  carried 
by  an  el ectromagnetic  wave  and  by  electrons.  The  total  current  can  be 
measured  on  the  anode  and  is  monitored  at  the  vacuum  interface  (Iq)  and  at  the 
diode  (Iq).  The  total  inductance  between  these  monitors  is  about  30  nH.  A 
dielectric  surface  flashover  switch  interrupts  the  cathode  side  of  the  feed  to 
further  reduce  the  prepulse  on  the  diode  to  about  5  k V. 

3.  Diode  Structures 

Two  independent  cathode  and  anode  configurations  were  tested  in  these 
experiments.  The  diode  structures  used  in  the  first  run  are  shown  in  Fig.  3. 
Following  the  vacuum  feed  from  the  flashover  switch  toward  the  axis,  a  sudden 
transition  is  made  from  a  radial  biconic  to  a  coaxial  feed.  The  center 
conductor  is  the  cathode  shank,  a  0.6-cm-thick  wall  stainless-steel 
cylinder.  The  outer  coax  anode  shell  is  aluminum  and  can  be  adjusted  for 
concentricity  and  axial  spacing.  This  coax  section  terminates  in  the  pinch- 
reflex  diode:  a  thin  hollow  cathode  tip  opposite  a  grounded  planar  or 
spherical  anode. 

A  planar  pinch-reflex  diode  is  shown  in  Fig.  3a.  The  anode  assembly  is  a 
disk  of  0.01 2-cm-thi ck  polyethylene  (CHj)  held  5  mm  from  a  carbon  backing 
plate  by  an  outer  insulating  annulus  and  a  central  carbon  button.  When  this 
foil  flashes  early  in  the  electrical  pulse,  an  anode  plasma  spreads  across  the 
foil  and  expands  into  the  anode-cathode  gap.  Ions  are  accelerated  toward  the 
cathode  from  the  low-density  front  of  this  moving  plasma  and  are  deflected 
radially  inward  by  their  self-magnetic  field  toward  a  time-varying  collection 
of  foci.  The  ion  beam  current  Ojon)  is  measured  by  a  Rogowski  coil  sheltered 
behind  the  cathode  tip.  The  ions  entering  the  cathode  pass  through  a  1.8-ym- 
thick  polycarbonate  (Kimfol*)  foil  pressure  window  and  propagate  current-  and 
charge-neutral i zed  in  a  1 -Torr-nitrogen  drift  chamber. 

♦available  from  Kimberly  Clark  Corp.,  Lee,  MA,  01238 
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Fig.  3  —  Pinch-reflex  diode  assemblies  for  the  first  experimental 
session  in  (a)  planar  geometry  and  (b)  focusing  geometry 


The  focusing  configuration  of  the  pinch-reflex  diode  in  the  first 
experimental  session  is  shown  in  Fig.  3b.  Anode  foils  of  Q.Q25-cm-thick  poly¬ 
vinyl-acetate  (PV A),  deformed  into  a  spherical  section  with  a  12.7-cm  radius- 
of-curvature,  were  mounted  onto  similarly  machined  carbon  backing  plates  to 
maintain  a  5-mm  foil -plate  separation  (see  Fig.  3b).  An  extended  tip  cathode 
was  used  to  define  the  1 00-cm^  diode  area  for  pinch-reflex  electron  operation 
with  a  3-  to  4-mm  anode-cathode  gap.  The  initial  ion  velocity  is  directed 
toward  a  geometric  focus  located  substantially  inside  the  planar-diode  focal 
length.  The  intent  of  this  design  is  to  create  a  high-current-density  ion- 
beam  focus  which  is  less  sensitive  to  self-deflection  variations  during  the 
pulse14  and  from  shot  to  shot. 

The  diode  structures  used  in  the  second  session  were  somewhat  different 
from  those  shown  in  Fig.  3  and  are  displayed  in  Fig.  4.  The  coax  gap  was 
increased  to  form  a  higher  inductance  but  constant  characteri Stic  impedance 
5-3  transition  from  the  biconic  into  the  coaxial  feed.  This  design  represents 
an  attempt  to  improve  the  vacuum  power  flow  into  the  diode  structure.  The 
thick  stainless-steel  cathode  shank  was  severely  distorted  after  a  few  PITHON 
shots  in  the  first  run  and  has  been  replaced  with  disposable  spun  aluminum 
cylinders  in  this  design.  By  sealing  the  inner  cathode  volume  with  Kimfol 
glued  to  the  tip  of  the  ion  Rogowski  assembly,  the  inside  of  the  cathode  is 
pressurized  to  1 -Torr  nitrogen  while  the  surrounding  volume  is  at  ambient  :0-3 
Torr  pressure.  Variation  of  cathode  radius  was  engineered  by  spinning  a 
smooth  taper  on  the  cathode  tip.  Figure  4a  shows  a  1 00-cm  cathode  bore, 
while  Fig.  4b  shows  a  smaller  30-cm^  area  diode. 

The  coax  length  was  extended  to  allow  access  for  direct  viewing  across 
the  diode  gap  with  a  ruby  laser  holographic  system.  Planar  diodes  were  used 
and  disposable  anode  backing  plates  were  fabricated  of  spun  aluminum  in  which 
an  array  of  viewing  slots  were  machined.  The  slots  were  made  as  symmetric  as 
possible  consistent  with  direct  viewing  to  avoid  return  current  asymmetries. 
Finally,  a  7.6-cm-diam  central  carbon  insert  was  pressed  into  the  backing 
plate  to  minimize  bremsstrahl ung  and  to  reduce  aluminum  buildup  on  the 
reusable  diode  hardware. 


III.  DIAGNOSTICS 


In  this  section  the  generator,  beam,  and  plasma  diagnostics  will  be 
described  and  data  reduction  procedures  will  be  discussed.  These  include: 
generator  voltage  and  current  detectors  distributed  in  the  vacuum  feed; 
bremsstrahlung  diagnostics  for  the  el ectron-beam  pinch  history  and  time- 
integrated  x-ray  profile;  a  Rogowski  coil  to  measure  the  ion-beam  current;  a 
"shadow  box"  diagnostic  for  spatial -profi 1 ing  of  the  ion  beam;  nuclear- 
reaction  diagnostics  for  ion-beam  duration  and  fluence;  and  interferometric 
laser  holography  for  evolution  of  the  anode  and  cathode  plasmas. 

A.  Electrical  Measurements 

The  accelerator  diagnostics  for  voltage  and  various  currents  are  shown  in 
Fig.  2.  The  injected  voltage  is  measured  by  balanced  capacitive  dividers  (Vy) 
at  several  azimuthal  locations  in  the  water,  displayed  separately  to  evaluate 
wave  symmetry,  and  averaged  to  calculate  impedance,  power  and  energy.  The 
injected  current  is  monitored  both  in  the  water  adjacent  to  the  voltage  probes 
(Iy)  and  in  the  vacuum  (Ig)  at  the  entrance  to  the  radial  biconic  transmission 
line  with  dB/dt  and  segmented  Rogowski  probes,  respectively.  The  difference 
between  these  measurements  affords  insight  into  water  or  vacuum  arcs  in  the 
interface  and  transition  regions.  The  total  diode  current  (Ig)  is  measured 
with  a  self-integrating  Rogowski  coil^  as  is  the  ion  current  (see  Figs.  3  and 
4).  These  current  monitors  have  risetimes  of  less  than  5  ns  and  integration 
times  greater  than  3.4  ys  .  Several  designs  are  employed  to  shield  the  epoxy 
encapsulated  coils  from  particle  bombardment  and  UV  irradiation  while 
minimizing  the  monitor  inductance.  On  most  shots,  valid  ion  current 
measurements  are  obtained  from  power  onset  to  peak.  All  current  monitors  are 
bench  tested  and  cross-calibrated  in  short  circuit  shots.  The  data  are 
monitored  through  a  200-MHz  bandwidth  791 2R  transient  digitizer  system 
controlled  by  a  PDP  11/40  computer  and  are  reduced  numerically. 

B.  X  Rays 

The  ion  power  and  energy  on  each  shot  are  qualitatively  correlated  with 
the  yield  of  bremsstrahlung  radiation  and  the  symmetry  and  size  of  the 
electron  pinch  as  evidenced  by  its  x-ray  image.  Because  the  bremsstrahl ung 
yield  scales  with  diode  potential,  a  large  x-ray  signal  with  a  large  FWHM  (40- 
60  ns)  indicates  a  high-voltage,  1 cng-impedance-1 i fetime  shot. 
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The  time-resolved  x-ray  output  from  the  electron  pinch  is  monitored  with 
an  optical  photodiode  (POX)  coupled  to  a  plastic  scintillator.  The  unit  is 
rigidly  mounted  outside  the  vacuum  chamber  at  130°  to  the  diode  axis. 

Similarly  mounted  is  an  x-ray  pinhole  camera  to  record  hard  photons  (E  >  30 
keV)  from  the  diode  region  through  a  0. 05-c.m-di am  20°  tapered  pinhole.  This 
camera  images  the  diode  onto  a  stack  of  Kodak  No-Screen,  XR5,  and  Polaroid 
Type  52  films  coupled  to  a  variety  of  intensifier  screens.  This  wide  range  of 

film  sensitivities  to  x  rays  affords  good  contrast  over  the  variation  of 

bremsstrahl ung  intensity  across  the  diode  image.  Lithium  fluoride 
thermoluminescent  detector  (TID)  capsules  monitor  the  time-integrated 
bremsstrahlcng  dose  at  the  photodiode  from  the  entire  anoae.  Serious  current 
losses  in  the  vacuum  feed  were  correlated  with  the  photographi c,  TID,  and  PDX 
data  as  well  as  with  visual  damage  following  a  snot. 

C.  Ion  Imaging 

The  location  of  the  ion-beam  focus  was  determined  by  using  ballistic 
reconstruction  of  ion  trajectories  from  the  edges  of  ion-induced  melt  damage 

patterns  recorded  on  the  rear  witness  plate  of  a  shadowbox^  (see  Fig.  5).  The 

interpretation  of  this  data  is  based  on  several  key  assumptions.  These  are: 
the  ions  are  accelerated  from  a  planar  anode  plasma  with  initial  velocity 
vectors  parallel  to  the  axis;  as  they  cross  the  anode-cathode  gap  each  ion  is 
magnetically  deflected  by  the  field  of  a  calculated  ion-current-density 
profile.  Ur  n  crossing  the  cathode  foil  and  entering  the  1 -Torr-ni trogen 
drift  chamber,  the  ions  are  assumed  to  be  charge  and  current  neutralized  and 
hence  execute  straight-line  oroits  through  a  focal  region  and  expand  into  the 
shadowbox.  The  current  neutrality  premise  has  been  verified  by  measurements 
of  the  net-current  fraction  in  the  gas  (Inet/Iion)  0 f  1ess  than  2%  on  both 
Gamble  II  (Ref.  2)  and  PITHON.  The  damage  patterns  on  the  witness  plate  of 
the  shadowbox  are  projections  of  the  ion  beam  through  the  front  apertures  (see 
Fig.  5).  The  patterns,  which  are  time-integrated  records,  often  'orm  teardrop 
or  oval  shapes.  The  radial  variation  is  attributed  to  the  change  in  focal 
length  during  the  pulse  due  to  time-varyiny  diode  fields.  The  a  imuthal  width 
of  the  damage  is  due  to  the  divergence  of  the  ion  beam  from  the  anode  plasma, 
asymmetries  in  the  source,  and  scattering  through  the  transmission  foil.  The 
computer  reconstruction,  shown  in  Fig.  5,  traces  the  recoro  d  damage  areas 
back  through  the  front-plate  apertures,  through  the  focu?  and  onto  the  a" 'de 
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surface.  The  large  damage  patterns  at  the  smallest  radii  on  the  witness  plate 
are  due  to  the  time-varying  focal  spot  moving  through  the  shadowbox  location 
and  are  not  useful  in  planar  geometry  reconstructions. 

D.  Nuclear  Diagnostics 

The  intensity  and  duration  of  proton  or  deuteron  currents  were  also 
monitored  by  nuclear-reaction  techniques.  For  proton  beams,  a  prompt 
Y-ray  diagnostic*7  was  employed  utilizing  the  *%(p,aY)*60  reaction.  Teflon 
(CF2)  targets  were  placed  in  the  ion-beam  path,  and  6-MeV  prompt  y  rays  were 
measured  with  a  fast  scintillator  (NE-111)  and  photomultiplier  (XP-2020) 
detector  housed  in  a  3.2-cm-thick  lead  enclosure  located  4  m  from  the  ion 
diode  at  95°  to  the  diode  axis  behind  a  one  meter-thick  concrete  shielding 
wall.  This  wall  differentially  shields  the  diode  bremsstrahlung  and  improves 
the  y-ray -to-bremsstrahl ung  ratio.  Measured  and  calculated  signals  for  this 
detector  on  a  shot  with  a  CH2  anode  and  Teflon  target  are  compared  in  Fig.  6. 
This  detector  could  not  be  calibrated  absolutely  as  the  attenuation  of  the 
prompt-Y  signal  by  the  concrete  shielding  wall  is  difficult  to  estimate. 

The  total  yield  of  deuteron  beams  was  determined  by  measuring  neutrons 
from  the  D(d,n)®He  and  *®C(d,n)*®N  reactions.  Deuteron  beams,  produced  by 
using  CD2  coated  PVA  foil  anodes,  were  directed  onto  thick  CD2  targets  to 
produce  these  reactions.  Because  the  ion  beam  was  directed  into  the  generator 
in  these  experiments,  neutron  measurements  were  confined  to  recoil  angles 
greater  than  90°.  Total  neutron  yields  were  measured  with  two  rhodium 
activation  detectors*®  located  17  m  from  the  diode  at  175°  to  the  diode 
axis.  These  detectors  viewed  the  diode  through  a  30-cm-diam  hole  in  a 
concrete  shielding  wall  located  8.3  m  from  the  diode.  This  geometry  minimized 
the  number  of  room-scattered  neutrons  which  reached  the  detectors  and  allowed 
the  intensity  of  the  direct  collimated  neutron  beam  to  be  scaled  inversely 
with  the  square  of  the  source-to-detector  distance,  even  at  17  m.  These 
rhodium  activation  detectors  were  calibrated  with  a  ®®®Cf  neutron  source  as 
described  in  Ref.  18.  Deuteron  intensities  were  inferred  from  measured 
neutron  intensities  by  using  D(d,n)®He  and  *®C(d,n)*®N  reaction  yields. 
Thick-target  yields  for  these  reactions  were  calculated  from  measured  cross 
sections*^®1*  and  published  stopping  powers®*  and  are  presented  in 
Fig.  7.  Above  1  MeV,  the  *®C(d,n)*®N  reaction  contributes  significantly  to 
the  neutron  yield. 
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1  2 
DEUTERON  ENERGY, MeV 

Fig.  7  —  Thick-target  yieids  for  the  D(d,n)3He  and 
12C(d.n)13N  reactions  at  175° 


14 


The  neutron  time-of-fl ight  (TOF)  technique  was  used  with  the  0(d,n)^He 
reaction  to  determine  neutron  energies  and  to  monitor  the  duration  of  the 
deuteron  beam.  Neutron  energies  were  determined  with  a  TOF  detector  located 
16.8  m  from  the  diode  in  the  same  geometry  as  the  rhodium  activation 
detectors.  This  detector  consisted  of  a  fast  scintillator  ( NE -111)  quenched 
with  5%  piperidine^  and  photomultiplier  ( X? - 2020)  mounted  within  a  7.5-cm- 
thick  lead  shield.  To  operate  this  detector  in  the  linear  range,  the  light 
incident  on  the  photomultiplier  was  attenuated  with  an  ND-1  filter.  The  time 
history  of  the  deuteron  beam  was  decermined  using  a  TOF  detector  with  a 
relatively  short  flight  path  as  described  in  Ref.  23.  For  this  purpose,  a 
detector  was  located  3.2  m  from  the  diode  at  160°  to  the  diode  axis.  This 
detector  consisted  of  a  similar  fast  quenched  scintillator  ( NE- Hi),  an  ND-2 
filter,  and  a  photomultiplier  (XP-2020)  mounted  within  a  10-cm-thick  lead 
shield.  Typical  traces  from  these  two  TOF  detectors  are  shown  in  Fig.  8  along 
with  calculated  neutron  pulse  shapes  for  these  detector  locations.  For  the 
detector  at  16.8  m,  the  time  interval  from  the  peak  of  the  bremsstrahl ung  to 
the  peak  of  the  neutron  signal  was  used  to  determine  the  neutron  energy.  An 
energy  of  1.9  :  0.2  MeV,  consistent  with  the  diode  voltage,  was  determined 
from  this  trace  after  correcting  for  the  x-ray  flight  time.  For  the  detector 
at  3.2  m,  the  duration  of  the  neutron  signal  gives  a  measure  of  the  duration 
of  the  deuteron  beam.  The  width  (FWHM)  of  this  neutron  pulse  is  50  ns,  which 
compares  favorably  with  the  duration  of  the  ion  pulse  based  on  the  measured 
diode  voltage  and  ion-current  traces  for  this  shot. 

E.  Interferometric  Holography 

The  final  diagnostic  to  be  described  is  the  i nterferometri c  holography 
system^4  used  to  monitor  the  anode  and  cathode  plasma  motions  in  the 
interelectrode  gap.  The  system  configuration  is  schematical ly  illustrated  in 
Fig.  9.  The  system  employs  a  5~ns  ruby  laser  pulse,  which  is  split  into  four 
beams.  These  are  delayed  by  path  length  into  10-ns  increments  to  form  a  train 
of  four  laser  pulses  over  a  30-ns  interval.  Each  of  these  four  beams  is  split 
into  a  scene  and  reference  beam.  Each  scene  beam  passes  through  the  pinch- 
reflex  diode  and  then  through  lenses  and  mirrors  to  form  a  real  image  of  the 
diode  on  a  glass  holographic  film  plate.  The  reference  beams  are  directed  to 
the  film  without  passing  through  the  diode,  overlapping  their  respective  scene 
beams  to  produce  an  array  of  four  holograms  on  the  film  plane.  Two  such  sets 
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Fig.  8  —  Neutron  TOF  traces  for  Shot  1692.  Calculated  neutron  pulse  shapes 
at  3.2  m  and  16.8  m  are  plotted  as  open  circles.  The  calculations  are  normal¬ 
ized  in  amplitude  to  the  measured  neutron  responses. 


of  holograms  are  superposed:  one  made  before  the  shot  and  the  other  during 
the  shot.  The  two  sets  of  interference  patterns  overlap  to  form  four  Moire 
patterns.  The  di fferences  between  a  superposed  pair  of  holograms  are  due  to 
optical -path-1 ength  variations  in  the  scene  beam  where  it  passes  through  the 
diode  plasma. 

3y  shining  light  through  a  developed  interferometric  hologram,  both  an 
image  of  the  diode  and  series  of  fringes  can  be  seen.  As  an  aid  to  oat  a 
nterpretation,  a  uniformly  changing  optical -path-1  ength  difference  between 
the  two  hologram  sets  is  introduced  by  slightly  tilting  one  of  the  mirrors  in 
the  system  after  the  first  set  is  exposed.  This  produces  a  reference  array  of 
uniformly  spaced  straight  fringes  on  the  image  where  no  plasma  is  present. 
Additional  changes  in  the  optical  path  length  caused  by  plasma  result  in 
bending  of  the  fringes:  the  bending  of  a  fringe  over  the  distance  of  one 
reference  fringe  spacing  corresponds  to  an  additional  wave  length  of  path 
difference  due  to  the  plasma.  The  corresponding  plasma  density  can  be 
estimated  by  the  relation: 

ng  aX  =  3.2  x  10^/cm^/fringe  shift 

where  AX  is  the  total  path  length  through  a  uniform  plasma  of  density  ne.  The 
largest  plasma  line  density  measurable  by  this  technique  is  that  for  which  the 
index  of  refraction  equals  zero  (i.e.  2.3  x  10^/cm2).  The  maximum  density 
observable  in  this  experiment  is  estimated  to  be  between  10^  and  10^  due  to 
ray-tracing  effects:  large-angle  refraction  of  the  laser  beam  by  higher- 
density  plasmas  reduces  the  light  intensity  entering  the  optical  system  and 
the  exposure  level  on  the  film. 

Unfolding  the  detailed  radial -densi ty  profile  is  not  possible  with  this 
technique.  Figure  10a  shows  the  diode  area  with  the  1 aser-vi swing  slots 
machined  out  of  the  anode:  the  shaded  area  is  the  laser-beam  cross  section, 
and  the  clear  holes  are  the  observable  diode  regions.  It  is  important  to  note 
that  the  view  through  a  hole  pair  is  a  chord  across  a  disk  system  which  may 
not  be  axially  symmetric:  a  thin  plasma  ripple  in  an  orientation  other  than 
the  laser  axis  will  appear  to  be  a  large-area  plasma  motion.  Further,  anode 
plasma  which  crosses  the  visual  anode-cathode  gap  inside  the  cathode  inner 
radius  does  not  necessarily  contact  the  cathode  plasma  lifting  off  the  hollow 
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Fig.  10  —  (a)  Ion-diode  laser  diagnostic  detail,  and 
(b)  reconstructed  holographic  interferogram 


emission  ring.  Despite  these  limitations,  the  system  presents  new  information 
about  the  plasma  surface  evolution  which  is  important  for  the  design  of  high- 
focus-qual ity  diodes. ^ 

IV.  EXPERIMENTAL  RESULTS 

A  variety  of  experimental  goals  were  addressed  in  the  two  pulsing 
sessions.  The  first  session  extended  scaling  of  the  pinch-reflex  ion  diode  to 
the  higher  power  and  longer  pulselength  of  the  PITHON  generator.  Both  planar 
and  spherical  anode  foils  were  tested.  The  second  session  utilized  modified 
accelerator  impedance  and  vacuum  feed  hardware.  Emphasis  was  placed  on 
determining  the  electrode  plasma  evolution  in  the  diode,  the  scaling  of  diode 
parameters  with  cathode  radius,  and  the  consequences  of  diode  modifications. 

A.  Planar  Diode  Experiments 

The  important  scaling  parameters  studied  in  these  experiments  were  the 
ion  efficiency,  the  ion  turn-on  time,  and  the  diode-impedance  lifetime.  The 
PITHON  generator  was  chosen  for  these  scaling  studies  for  its  similarity  to 
Gamble  II  in  minimal  prepulse,  similar  impedance  (1.0  versus  1.5  tf)  and 
voltage  risetime,  yet  larger  peak  voltage  and  pulsewidth.  These  similarities 
suggested  the  physics  of  the  pinch-reflex  diode  would  be  the  same  and  detailed 
comparisons  could  be  made  between  equivalent  power  PITHON  and  Gamble  II 
shots.  These  comparisons,  pe; formed  during  the  first  session,  confirmed  the 
baseline  similarity  between  the  accelerators.  The  scaling  variables  are  then 
the  70%  larger  and  30%  longer  FWHM  power  pulses  available  on  PITHON. 

Q 

Theoretical  calculations0  based  on  the  generator  open-circuit-voltage 
waveforms  oredicted  a  doubling  of  the  Gamble  II  ion  currents  to  about  1.0  MA 
of  protons  from  a  pinch-reflex  diode  on  PITHON. 

A  typical  waveform  data  set  from  the  first  experimental  session  (Shot 
1662)  is  shown  in  Fig.  11.  The  injected  voltage  and  current  measured  at  the 
water-vacuum  interface  (see  Fig.  2)  have  2.1 -MV  (Vy)  and  2.0-MA  (Iq)  peak 
values  at  a  mean  impedance  of  1.2  n.  These  signals  indicate  a  4-TW  power 
pulse  of  88-ns  FWHM  containing  340  kJ  is  injected  into  the  vacuum  feed 
structure.  The  voltage  impressed  on  the  diode  (VD)  is  less  than  the  injected 
voltage  by  the  L (d I/dt )  inductive  drop  due  to  the  wave  passing  through  the 


Measured  waveforms  for  Shot  1662  at  4  TW 


vacuum  feed.  The  effective  inductance  is  determined  to  be  30  nH  by  defining 
the  potential  across  a  shorted  diode  to  be  zero.  There  is  a  current  loss  in 
the  vacuum  feed  shown  by  the  difference  between  the  interface  (Ig)  and  diode 

( I q )  current  waveforms.  The  total  electron  current  in  the  system  (1^)  is 

defined  as  the  difference  between  the  interface  (Ig)  and  ion  (I-jon) 
currents.  Despite  the  losses  in  the  vacuum  feed,  2.7  P/i  and  230  kj  were 
coupled  into  the  diode  on  this  shot.  The  ion-beam  current  entering  the  1 00- 
cm^  cathode  bore  (0.9  MA  at  1.7  MV)  begins  22  to  26  ns  after  the  diode 
current,  a  delay  characteri Stic  in  all  these  experiments.  The  resulting  peak 
ion  power  and  energy  are  1.6  TW  and  125  kj  respectively.  These  data 

correspond  to  an  average  source  current  density  of  12  kA/cm  ,  which  is  in 

agreement  with  numerical  predictions. 

The  diode-impedance  lifetime  is  an  important  consideration  in  scaling  the 
ion  diode  toward  an  eventual  ICF  application.  The  velocity  bunching  desired 
for  power  multiplication  requires  carefully  programmed  voltage  and  impedance 
histories.  The  diode  impedance  shown  in  Fig.  11  reaches  a  plateau  near  1.1  a 
for  40  ns  then  slowly  falls  until  the  end  of  the  applied  pulse.  Accurate 
impedance  control  was  provided  by  anode-cathode  gap  adjustment,  with  shot-to- 
shot  variations  of  0.2  a  obta'-'-H  throughout  the  experimental  sessions. 

The  ion  Rogowski  coil  located  inside  the  cathode  provided  timing  of  the 
formation  of  an  anode  plasma  on  the  cathode  side  of  the  anode  foil. 

Frequently  a  low-level  signal  is  seen  starting  with  the  diode  current  (see 
Fig.  12),  due  perhaps  to  a  small  anode-foil  hot  spot  or  to  electrons  emitted 
from  the  ion  Rogowski  holder  and  transmission  foil.  Several  explanations  for 
the  22  to  26-ns  delay  for  ion  turn-on  are  possible.  One  conjecture,  based  on 
pinched-electron-beam-diode  physics^  is  that  before  the  anode  foil  flashes, 
forming  a  plasma  and  bringing  the  floating  dielectric  foil  to  ground 
potential,  the  electron  beam  passes  through  the  anode  foil  and  pinches  on  the 
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backing  plate.  Previous  pinched-electron-beam  experiments  on  PITH0N  have 
measured  pinch  areal  velocities  of  5  crrr/ns,  or  a  value  of  20  ns  for  the 
present  100-cnr  experiments,  which  is  consistent  with  the  measured  delay.  The 
resulting  high  field  stress  on  the  foil  adjacent  to  the  central  button  could 
then  cause  surface  flashover.  If  this  mechanism  is  responsible  for  anode- 
plasma  formation,  the  small-area  (30  cm^)  diodes  tested  should  exhibit  a  much 
smaller  delay  in  ion  turn-on  time  of  roughly  8  ns.  These  results,  presented 
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Fig.  12  —  Early-cime  behavior  of  the  diode-  and  ion-current  traces 
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later,  show  no  discernible  change  in  the  delay  of  ion  turn-on.  An  alternative 
explanation  for  the  ion  delay  is  that  it  represents  the  inherent  delay  of 

OQ 

surface  flashover.  °  For  these  large  and  small  area  diodes,  the  difference  in 
delay  would  be  ±  5  ns  which  is  within  the  shot-to-shot  variation. 

The  radiation  diagnostics  provide  corroborati on  of  the  relative  timing 
and  waveshape  of  the  diode  voltage,  injected  current,  and  ion  current.  The  x- 
ray  photodiode  signal  (POX)  for  Shot  1662  is  shown  in  Fig.  11  and  compared 
with  a  calculated  waveform  (Xg).  The  theoretical  scaling^  for  x-ray 
production  from  electron  beams  is  given  by  Xc  3  1^ ( Vq ) ^ ' ® ,  which  is  a 
sensitive  measure  of  voltage  waveshape.  The  calculated  waveform  was 
normalized  in  magnitude  and  shifted  in  time  for  the  comparison,  and  the  shapes 
of  the  two  signals  agree  reasonably  well.  This  agreement  provides  an 
independent  check  on  how  well  the  measured  voltage  and  electron  current  pulse 
shapes  represent  the  actual  wave  shapes  at  the  diode.  Similarly,  the 
agreement  between  the  measured  and  calculated  prompt-y  nuclear  radiation 
signals17,  shown  in  Fig.  6,  indicates  that  the  diode  voltage  and  ion  current 
pulse  shapes  are  correctly  timed  and  are  of  reasonable  proportion. 

The  ratio  of  the  ion  current  to  the  diode  current  provides  a  direct 
measure  of  the  pinch-reflex-diode  efficiency  for  ion  production.  At  maximum 
power  the  efficiency  on  Shot  1662  is  60%  for  an  ion  current  of  900  kA. 
3remsstrahl ung  measurements ,  as  described  in  the  next  paragraph,  indicate  that 
the  electron  beam  formed  a  well -centered  pinch  with  good  coupling  of  the 
injected  energy  to  the  diode  on  this  shot. 

Bremsstrahl ung  diagnostics  were  used  to  study  the  symmetry  of  power  flow 
and  current  loss  in  the  vacuum  feed  and  diode  regions.  Measurements  for  two 
different  classes  of  shots  are  compared  in  Fig.  13.  A  wel 1 -centered  pinch 
with  bremsstrahl ung  from  only  the  central  2  cm  of  the  12-cm-diam  anode  is 
observed  in  the  x-ray  pinhole  photograph  in  Fig.  13a.  For  this  shot,  the  x- 
ray  photodiode  signal  (PDX)  is  substantial  for  the  entire  diode  pulse 
duration,  and  the  energy  at  the  vacuum  interface  (Ey)  shows  good  coupling  of 
the  injected  power  to  the  diode.  A  second  class  of  shots  is  shown  in  Fig.  13b 
where  the  power  flow  is  asymmetric  and  the  electron  pinch  is  not  well 
centered.  The  x-ray  pinhole  image  shows  flutes  extending  onto  the  aluminum 
backing  plate,  and  bremsstrahl ung  from  the  coax  feed  at  9-cm  radius  is  seen. 
Intense  bremsstrahl ung  emission  from  aluminum  and  stainless  steel,  relative  to 
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carbon,  allows  electron  losses  in  the  vacuum  feed  at  low  current  density  to 
have  intensities  comparable  to  the  intense  central  pinch  on  carbon.  On  this 
shot  the  POX  trace  is  smaller  in  amplitude  and  narrower  in  pulsewidth, 
indicating  a  reduction  in  diode  voltage.  Also,  a  significant  fraction  of  the 
injected  energy  is  reflected  off  the  load.  Visual  damage  to  the  feed  hardware 
was  consistent  with  the  origins  of  x  rays  indicated  in  Fig.  13  on  these  two 
shots. 

The  shadowbox  diagnostic  was  used  to  determine  the  time-averaged  location 
and  size  of  the  focus  as  indicated  previously  in  Fig.  5.  A  model  developed  to 
predict  the  best  focus  location1  yielded  a  minimum  spot  size  at  about  18  cm 
from  the  anode  foil  for  the  voltage  and  current  values  of  a  typical  3-TW 
shot.  The  ballistic  reconstruction  shown  in  Fig.  5  gives  a  best  focus  at  20 
cm,  in  good  agreement  with  this  prediction.  Witness  plate  targets  of  5.4-mm- 
thick  aluminum  (6061 -To)  placed  at  this  location  showed  centered  front  surface 
damage  and  backspalls  about  1  cm  in  diameter  (see  Fig.  14). 

8.  Focusing  Diode  Experiments 

Experiments  investigating  geometric  focusing  of  high  power  ion  beams  from 
a  pinch-reflex  ion  diode,  which  were  first  performed  at  NRL  on  Gamble  II  (Ref. 
8),  were  extended  to  higher  power  in  the  present  experiments  on  PITHON.  It  is 
important  to  note  that  the  voltage,  current,  and  impedance  characteristics  of 
the  focusing  diodes  are  essentially  the  same  as  those  of  the  planar  diodes. 

The  ions  are  magnetically  deflected  in  passage  across  the  anode-cathode  gap, 
then  drift  bal 1 istical ly  in  the  1-Torr  gas  to  an  actual  focus  at  about  9  cm 
from  the  anode  foil,  inside  the  geometric  focus  located  at  12.7  cm.  This 
magnetic  bending  is  demonstrated  by  shadowbox  reconstructions  shown  in 
Fig.  15.  The  damage  patterns  extrapolate  back  through  the  focus  to  cover  the 
entire  anode  plane.  The  focal  spot  is  seen  to  be  within  a  3-cm-diam  circle, 
corresponding  to  an  areal  beam  reduction  from  the  anode  source  of  14.  A 
preliminary  estimate  of  the  focused  current  density  can  be  made  by  assuming 
the  entire  measured  ion  current  is  uniformly  distributed  over  this  disx  of 
least  confusion.  The  calculation  yields  an  ion  current  density  of  150  kA/cm^ 
over  the  7-cm  spot.  Peak  focused  current  densities  could  be  significantly 
larger.  Witness-plate  targets  located  at  the  focus  exhibit  multiple  layered 
backspalls  through  plates  of  6.4-mm-thick  aluminum  (6061 -T6),  consistent  with 
higher  focused  current  densities  than  found  in  the  pi anar-geometry  shots. 
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C.  Results  from  Neutron  Measurements 

The  energy  of  neutrons  from  the  0(d,n)  He  reaction  was  determined  by  the 
TOF  technique.  However,  this  measurement  could  not  be  used  to  determine  tne 
deuteron  energy  (i.e.,  diode  voltage)  because  the  neutron  energy  is 
insensitive  to  the  deuteron  energy  for  the  d-d  reaction  at  the  175° 
measurement  angle.  Furthermore,  the  focusing  of  deuterons  in  the  diode 
introduces  an  uncertainty  in  the  neutron  emission  angle.  Neutron  energy 
determi nations  are  consistent  with  deuteron  energies  given  by  the  diode 
voltage.  The  measured  ion  current  and  diode  voltage  were  used  to  calculate 
neutron  responses  as  shown  in  Fig.  8  (Ref.  23).  The  shapes  of  the  measured 
and  calculated  responses  are  in  good  agreement.  The  low  energy  tail  on  the 
trace  at  3.2  m  is  attributed  to  scattered  neutrons. 

For  both  the  planar  and  focusing  diode  experiments  the  measured  neutron 
yields  are  about  1/3  of  yields  calculated  using  the  measured  ion  current  and 
diode  voltage  corrected  for  energy  loss  in  the  Kimfol.  For  the  planar-diode 
geometry,  the  calculated  yields  are  based  on  the  combined  thick-target  yields 
for  the  D(d,n)^He  and  *^C(d,n)*^N  reactions  at  175°  as  shown  in  Fig.  7.  For 
the  focusing-diode  geometry,  a  broad  range  of  neutron  emission  angles  (140°- 
180°)  exists  due  to  the  angular  spread  of  the  deuterons  incident  on  the  CD2 
target.  In  this  case  the  calculated  yield  is  based  on  thi ck-target  yields  at 
different  angles  weighted  by  an  ion-current-density  profile*®  determined  from 
numerical  simulations.  The  difference  between  the  measured  and  calculated 
neutron  yields  may  be  attributed  to  several  factors:  1)  The  measured  ion 
current  may  include  significant  proton  or  carbon-ion  components  which 
contribute  very  little  to  the  neutron  output;  2)  Ion  energy  losses  in  the 
region  from  the  anode  to  the  CD 2  target, ^  which  have  not  been  taken  into 
account  in  the  neutron-yield  calculation,  may  reduce  the  ion  energy  on  target 
and  hence  the  neutron  yield;  and  3)  Enhanced  deuteron  stopping  1  in  the  hot 
dense  plasma  target  may  lead  to  a  reduced  neutron  output,  particularly  in  the 
focusing  diode  geometry.  A  quantitative  assessment  of  the  importance  of  these 
factors  in  the  present  experiments  is  not  possible. 

The  largest  neutron  yield  at  175°  was  obtained  with  the  planar-diode 
geometry  because  the  d-d  neutron  yield  peaks  at  180°.  For  this  diode,  neutron 
yields  of  up  to  4.5  x  lO**/sr  were  measured.  At  the  diode  voltage  of  1.7  MeV 
correspondi ng  to  this  yield,  approximately  50%  of  these  neutrons  are  from  the 


0 (d , n )  reaction  (see  Fig.  7).  The  correspond ng  total  neutron  yield  into 
4  it,  corrected  for  the  anisotropy  of  neutron  emission,  is  3.7  x  10  c  with  50% 
from  the  D(d,n)  reaction. 

With  the  focusing-diode  geometry,  time-integrated  neutron  yields  were 
used  to  determine  focused  current  density  by  comparing  neutron  yields  from 
different  area  CD2  targets.  For  this  purpose,  the  measured  neutron  output  was 
scaled  to  the  current  measured  by  the  ion  Rogowski  coil.  The  fraction  of 
deuterons  incident  on  targets  as  small  as  0.75  cm^  was  determined  by  comparing 
the  neutron  yield  with  the  yield  measured  on  100-cnr  area  targets.  On  the 
0.75  cm^  area  target,  the  neutron  yield  was  still  about  50%  greater  than  that 
observed  without  any  CD2  target.  To  correct  for  variations  in  neutron  output 
in  these  measurements  due  to  shot-to-shot  variations  in  voltage  and  current, 
the  measured  yields  were  scaled  to  yields  calculated  from  the  measured  diode 
voltages  and  ion  currents.  A  deuteron  current  density  of  150  kA/cnr  at  peak 
ion  voltage  was  determined  from  these  measurements.  If  the  ion  current  is 
only  1/3  deuterons,  as  suggested  by  comparisons  between  measured  and 
calculated  neutron  yields,  then  the  total  ion  current  density  may  be  2  to  3 
times  larger  than  this  value. 

D.  Power  Flow  Studies 

Problems  in  power  flow  from  the  PITHON  accelerator  to  the  pinch-reflex 
ion  diode  occurred  in  the  magnetically  insulated  vacuum  transmission  line 
where  a  vacuum  flow  of  electrons  crossed  the  feed,  reaching  the  anode  before 
entering  the  diode.  To  inhibit  electron  leakage,  the  vacuum  biconic  and  coax 
sections  were  designed  with  a  characteristic  impedance  gradually  decreasing  to 
a  value  several  times  larger  than  the  ion-diode  impedance.  A  parapotential 
(Brillouin)  flow  analysis'^  for  this  configuration  predicts  that  the  entire 
electromagnetic-wave  energy  is  transported  as  boundary  current  in  the 
electrodes,  with  no  vacuum  electron  flow  possible.  This  analysis  was  found  to 
be  inadequate  in  these  experiments.  The  diode  impedance  early  in  the  pulse  is 
independent  of  the  dielectric  anode  foil,  and  is  that  of  a  simple  pinched-beam 
diode  with  an  interelectrode  spacing  of  8.5  mm,  or  an  impedance  of  5  a.  This 
value  is  very  close  to  the  vacuum-feed-coax  impedance  of  6.5  n,  and  the 
Brillouin  flow  analysis  breaks  down.  Several  shots  with  larger  diode  gaps 
(hence  with  diode  impedance  greater  than  the  feed  impedance)  lead  to  large- 
area  current  loss  in  the  vacuum  feed  section  and  no  appreciable  power  reached 


the  diode.  Analysis  of  hardware  damage  for  the  first  experimental 
configuration  indicated  that  serious  electron  losses  were  occurring  near  the 
abrupt  transition  between  radial  and  coax  lines.  A  number  of  polishing, 
cleaning,  and  coating  techniques  were  tried  with  little  improvement  to  power 
fl  ow. 

The  second  experimental  session  required  an  extended  coax  section  for 
diagnostic  access,  so  an  increased  electrode  spacing  was  designed  to  enhance 
the  magnetic  insulation  in  the  coax  region.  The  transition  junction  from 
biconic  to  coax  was  designed  to  be  a  constant  characteri Stic  impedance 
of  9.2  a  .  Even  so,  current  loss  was  again  observed  beginning  37  ±  11  ns 
after  current  turn-on;  a  similar  delay  as  in  the  first  session,  although  the 
fractional  loss  was  larger  in  the  second  session. 

Several  vacuum-feed  modifications  were  studied  in  an  attempt  to  increase 
power  flow  to  the  diode.  These  include  a  "bump"  behind  the  anode  foil, 

Aerodag  versus  oil  on  the  coax  cathode  shank,  a  smooth  conductive  covering  of 
the  radial -line  anode  discontinuities,  a  smooth  shorting  of  the  diode  current 
monitor,  a  Krylon  coating  on  the  anode  side  of  the  vacuum  feed,  and 
enhancement  of  the  cathode  tip.  The  "bump"  is  a  grounded  aluminum  annulus 
typically  1-cm  wide  mounted  behind  the  plastic  anode  foil  on  the  backing  plate 
opposite  the  cathode  tip  (see  Fig.  4).  Its  purpose  is  to  lower  the  early  time 
langmui r-Chi 1 d  electron  diode  impedance  and  trap  the  vacuum  flow  of  electrons 
emitted  in  the  feed.  A  sequence  of  shots  taken  without  the  bump,  ranging  from 
2  to  3.5  TV/,  all  showed  an  early-time  current  loss  between  injected  ( Iq }  and 
diode  (Iq)  current  monitors  (see  Fig.  16a).  Shots  with  a  smoothly  curved 
cathode,  as  in  Fig.  4,  produced  poor  pinches  without  the  bump.  Shots  taken 
with  a  bump  did  not  show  the  early-time  current  loss  (see  Fig.  16b).  All  low- 
power  shots  taken  with  the  large-area  (100  cftt)  cathode  and  the  bump  produced 
excellent  pinches. 

At  the  4.5-TW  level,  the  bump  was  not  sufficient  to  ensure  good 
pinches.  Smoothly  covering  the  anode  discontinuities  with  copper  tape  in  the 
radial  feed  and  with  stai nl ess -steel  tubing  in  the  coax  feed  (bypassing  Iq) 
produced  better  pinches  and  larger  POX  signals  of  greater  FWHM.  No  shots 
without  this  modification  produced  good  pinches  at  higher  power,  while  7  out 
of  11  shots  were  excellent  with  the  anode  discontinuities  covered. 
Unfortunately ,  these  modifications  eliminated  the  diode-current  measurement, 
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Fig.  16  —  Comparison  of  the  injected  current  and  diode  current  (a)  on  a 
shot  without  the  bump  I  No.  1859)  and  (b)  a  shot  with  the  bump  (No. 
1860).  Without  the  bump,  the  current  loss  in  the  vacuum  feed  is  larger. 


hence  the  inductive  voltage  correction  and  an  upper  bound  on  ion  power  and 
energy  were  unattainable  on  these  shots. 

The  first  experimental  session  utilized  a  cathode  shank  which  tapered 
abruptly  from  the  coax  vacuum  feed  to  an  extended  enhanced  cathode  tip. 
Early-time  current  losses  were  observed,  but  the  deviations  between  injected 
and  coupled  currents  were  less  than  for  the  hardware  shown  in  Fig.  4.  A  shot 
was  performed  in  the  second  session  at  5-TW  matched-load  power  to  evaluate 
cathode-tip-enhancement  effects  on  power  flow.  A  1-cm-long,  5-mm-wide 
enhanced  lip  was  welded  to  the  hollow  taper  cathode,  a  standard  bump  was 
employed,  and  the  diode  current  monitor  engaged.  Power  loss  was  again 
observed,  but  the  pinch  was  quite  good,  indicating  that  this  configuration 
compensates  at  least  in  part  for  the  anode-discontinuity  effect  at  high  power. 

Observations  from  this  study  indicate  that  the  modifications  to  the 
hardware  designed  to  alleviate  the  power-flow  problem  were  not  effective, 
suggesting  that  the  geometric  transition  from  radial  to  coax  feed  is  dominant 
in  power  flow  over  a  variation  of  characteristic  impedance.  Further, 
electrode  surface  is  not  important,  while  a  well -designed  cathode  emission  tip 
and  a  low  early-time  diode  impedance  are  essential  for  coupling  power  from  the 
generator  to  the  diode. 

E.  Small -Area  Diodes 

A  modification  to  the  diode  design  was  tested  to  evaluate  the  performance 
of  smal ler-radius  diodes  with  larger  ion-current  source  densities.  The  hollow 
taper  cathode,  shown  in  Fig.  4,  was  configured  to  vary  in  radius.  Shots  were 
taken  at  100  cm^,  reported  above,  and  at  30-cm^  area  (see  Fig.  4b). 

Several  small -area  diode  shots  were  taken  at  anode-cathode  spacings  from 
2.6  to  5.6  mm.  The  small  anode-cathode  spacings  shorted  early  in  the  pulse 
while  the  large  spacings  caused  the  power  to  dissipate  in  the  lower-impedance 
vacuum  feed.  An  intermediate  spacing  of  3.5  mm  lead  to  efficient  coupling  of 
the  injected  energy  into  the  diode  without  shorting  or  power  loss  in  the 
structure.  In  this  case,  the  diode  impedance  history  was  1.4  r.  for  50  ns 
before  collapsing  (see  Fig.  17).  A  source-area-averaged  ion  current  density 
of  20  kA/cnr  at  peak  power  was  obtained.  The  ion-current  onset  times  for  this 
small -area  diode  were  slightly  earlier  than  for  the  large-area  diode  as 
presented  in  Sec  IV  A. 
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F.  Holographic  Interferometry 

Plasma  evolution  in  the  pinch-reflex  ion  diode  was  investigated  with  the 
holographic  i nterferometry  system  during  the  second  experimental  session. 
Exposures  were  made  through  slots  cut  in  the  current  return  housing  of  tne 
anode  (Fig.  10)  to  allow  a  side  view  of  the  cathode  and  anode.  The  left  side 
of  each  rectangular  slot  is  defined  by  the  cathode  tip,  and  the  right  side  by 
the  anode  foil. 

Holograms  measured  on  three  different  shots  are  presented  in  Figs.  18  and 
19  and  must  be  compared  only  in  a  general  way.  One  can  see  in  Fig.  18  that 
early  in  time  the  plasma  density  is  too  small  to  produce  observable  fringe 
shifting.  As  peak  power  is  approached,  significant  fringe  bending  is 
noticeable  near  the  anode,  with  smaller  effects  near  the  cathode.  The 
greatest  effect  is  near  the  axis  of  the  diode.  One  can  see  in  Fig.  19  that 
later  in  time  significant  plasma  motion  has  occurred.  The  first  two  holograms 
(exposures  0  and  E)  are  for  the  same  shot.  For  these  exposures,  optically 
opaque  plasmas  have  advanced  from  the  electrodes,  narrowing  the  slit  through 
which  the  laser  light  can  pass  to  the  point  that  Fraunhofer  single-slit 
diffraction  of  the  light  becomes  important.  Light  is  clearly  visible  far 
outside  the  borders  of  the  rectangular  viewing  slits  cut  in  the  diode 
housing.  In  the  slot  viewing  the  diode  axis,  the  plasma  has  become  opaque  to 
the  laser  light  incident  during  the  shot  by  the  time  the  power  pulse  has 
dropped  to  40%  of  its  peak  value.  The  adjacent  holes  have  narrowed 
substantially.  A  hologram  taken  after  the  total  collapse  of  power  on  another 
shot,  exposure  F,  shows  total  opacity  everywhere  between  the  electrodes. 

Holographic  measurements  were  made  on  the  large-area  diode  (100  cm^)  for 
four  similar  shots  at  intervals  spanning  most  of  the  power  pulse.  The  timing 
of  the  laser-pulse  exposures  on  these  shots  is  shown  in  Fig.  20.  A  tracing  of 
each  of  the  four  holograms  on  these  shots  was  made  to  show  the  contour 
correspondi ng  to  a  line  density  of  3.2  x  10^/cm^,  or  one  fringe  shift.  These 
tracings  are  shown  in  Fig.  21.  The  accuracy  of  the  contours  is  estimated  to 
be  t  0.5  mm  of  the  3.5  mm  anode-cathode  gap.  Contours  for  greater  fringe 
shifts  were  in  most  cases  impossible  to  extract  because  large  density 
gradients  caused  the  fringes  to  run  together. 

It  is  clear  from  the  single-fringe-shift  reconstructions  in  Fig.  21  that 
the  plasma  fronts  expanding  from  the  anode  foil  and  cathode  tip  are  fairly 
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uf  the  laser-interferometer  exposures  relative  to  the  power 
rent  pinch-reflex  diode  shots.  The  vertical  lines  labeled  A, 
the  times  at  which  the  exposures  are  recorded  on  each  shot. 


regular  with  gentle  surface  fluctuations  and  are  not,  in  general , 
cylindrical!;/  symmetric.  The  absence  of  sharp  plasma  protrusions  argues  for  a 
reasonable  beam  emittence,  although  a  smoother  and  more  regular  plasma  surface 
is  required  for  high-focus-quality  beam  development.  The  important  points  to 
notice  are  that  the  plasmas  expand  from  the  boundary  surface  as  the  power 
pulse  approaches  its  peak,  that  they  are  reasonably  uniform  and  approacn  one 
another  at  increasing  velocities,  and  that  the  center  velocity  appears  greater 
than  the  larger-radius  plasma  motions. 

The  contours  of  Shot  1885  (Fig.  21d),  showing  the  plasma  behavior  during 
the  power  collapse,  indicate  a  considerable  change  between  the  first  and 
second  frames,  both  of  which  were  taken  near  peak  power.  The  plasma  closure 
velocity  implied  on  axis  is  27  cm/us;  off  axis  at  a  radius  of  3  cm  the 
velocity  is  7  cm/us  between  frames  A  and  B,  and  10  cm/us  between  frames  3  and 
C.  The  line  density  off  axis  is  seen  to  decrease  in  the  last  frame,  allowing 
light  to  again  pass  through  holes  that  were  formerly  opaque.  This  phenomenon 
may  be  due  to  the  anode  plasma  being  compressed  by  magnetic  pressure. 

Alternati vely ,  the  anode  and  cathode  plasmas  may  never  have  met  in  the  earlier 
frames,  but  the  opacity  there  may  have  been  caused  by  surface  fluctuations  or 
ripples  that  blocked  the  laser  1 ine-of-sight. 

The  plausibility  of  the  magnetic-pressure  mechanism  can  be  determined  by 
calculating  the  time  required  for  the  plasma  pressure  to  be  overcome  by  the 
rising  magnetic  pressure  in  the  diode  gap.  Energy  is  deposited  into  the  anode 
plasma  continuously  throughout  the  pulse,  increasing  the  particle  kinetic 
energy.  The  decreasing  diode  impedance  means  that  early  in  time  the  current 
(and  hence  magnetic  field)  is  low  so  nkT  >>  B2/2y  .  Later  the  impedance 
decreases  and  the  magnetic  pressure  increases  more  quicxly  than  the  plasma 
thermal  energy.  Rough  parameters  appropriate  to  the  diode  at  the  time  of 
impedance  collapse  could  be  2  MA  flowing  within  a  3-cm  radius,  a  plasma 
density  of  about  10lo/cmJ  of  CHg  components,  and  a  temperature  of  5  eV.  The 
magnetic  pressure  for  these  values  is  67  MPa  wnile  the  thermal  pressure  is 
0.75  MPa,  clearly  much  smaller.  These  yield  an  acceleration  of  120  cm/us2 
and  a  time  of  16  ns  for  anode  and  cathode  plasmas  to  each  move  1.5  mm.  This 
value  is  comparable  to  the  observed  10-ns  time  scale  of  plasma  motion  across 
the  diode.  While  plasma  surface  fluctuations  cannot  be  ruled  out  as  the 
source  of  diode  opacity  after  peak  power,  the  most  likely  explanation  is  the 


40 


ejection  of  plasma  from  the  diode  into  the  hollow  cathode  cavity  and  Pack  to 
the  anode  location  by  magnetic  pressure  from  the  diode  short  circuit. 

In  addition  to  the  3-TW,  130-cm-  diode  shots,  several  shots  at  2  to  2.5- 
PW  diode  power  with  a  small-area  (30  cm-)  diode  were  ho 1 ographi cal ly  monitored 
(fig.  22).  On  Shot  1386  (Fig.  22a)  i nterferograms  of  the  diode  during  the 
ascent  to  peak  power  were  recorded,  indicating  little  plasma  motion  before 
peak  power  and  with  noticeable  motion  within  a  radius  of  3  cm  during  the  last 
two  frames  at  peak  power.  The  closure  velocity  on  axis  between  the  last  two 
frames  is  21  cm/us. 

On  two  other  sinal  1  -diameter  shots,  arcs  occurred  in  different  parts  of 
the  feed  early  in  time.  On  Shot  1379,  the  arc  formed  well  upstream  from  the 
diode  in  the  coaxial  vacuum  feed.  A  perturbation  in  the  reference  fringes  on 
one  side  of  the  diode  is  the  only  indication  of  the  event  (Fig.  22b).  On  Shot 
1380,  the  arc  was  in  the  diode,  resulting  from  too  small  an  electrode 
separation.  The  diode  was  opaque  to  laser  light  even  in  the  first  hologram 
and  hence  density  contour  mapping  was  not  possible. 

V.  SUMMARY  OF  RESULTS 

In  this  paper,  we  have  presented  recent  technological  advances  in  intense 
pulsed  ion-beam  development.  The  pinch-reflex  diooe  has  been  successfully 
scaled  up  to  mul ti terawatt  operation  on  the  PITHON  accelerator.  Pulsed  proton 
and  deuteron  beams  have  been  produced  in  both  planar  and  spherically  focusing 
geometries  with  1.0-MA  of  1.8-MeV  light  ions  measured  at  a  peak  power  of  1.3 
TV/  yielding  a  1 30-kJ  light  ion  beam  in  100  ns. 

Focusing  of  intense  ion  beams  by  electrode  shaping  and  by  sel f -magneti c 
field  deflection  has  been  shown  at  large  radii  to  follow  simple  theoretical 
modeling  with  several  corroborating  diagnostics.  Spherical  electrode  shaping 
served  to  compress  the  ion  beam  from  an  11-cm-diam  anode  surface  to  a  3-cm- 
diam  focal  spot  located,  due  to  magnetic  bending,  inside  the  geometric 
focus.  Small -area  diode  tests  at  lower  power  demonstrated  that  impedance 
lifetime  is  not  a  problem  at  higher  source-current-densi ty  levels.  Further, 
these  results  suggest  that  a  smaller-area  pinch-reflex  diode  of  higher  power 
density  may  be  suitable  for  injection  into  a  plasma  transport  channel. 

The  most  serious  problem  encountered  in  these  experiments  was  independent 


TIME,  ni 
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(b)  SHOT  1879 

Fig.  22  —  Single-fringe-shift  reconstructions  for  (a)  Shot  1SS6  and  (b)  Shot  1S79. 
The  timing  of  the  laser  interferometer  exposures  is  indicated  by  the  vertical  lines 
labeled  A,  B,  C  and  D  on  the  corresponding  power  pulses.  The  shaded  regions  in¬ 
dicate  plasma  line  densities  greater  than  3.2  X  lOWcm2. 


of  the  pinch-reflex  diode  but  concerned  the  coupling  of  power  from  the 
accelerator  interface  through  the  vacuum  feed  structure  to  the  diode.  These 
losses  were  found  to  be  geometric,  that  is,  independent  of  electrode  surface, 
and  occurred  principally  between  the  bi coni c-to-coax  transition  and  the 
diode.  Reducing  the  early-time  diode  impedance,  smoothing  the  vacuum  feed  of 
resonant  grooves,  and  enhancing  the  cathode  emission  tip  all  served  to 
increase  the  power  flow  to  the  diode. 

Beam  diagnostics  were  developed  to  survive  the  harsh  bremsstrahl ung  and 
impulse  environment  of  a  3-TW  pinch-reflex  diode.  Measurements  of  nuclear- 
reaction  products  provided  total  ion  yields  and  pulse-shape  evaluations. 

Total  beam  Rogowski  coil  monitors  were  developed  to  perform  through  the  time 
of  peak  power.  The  shadowbox  technique  provided  beam-focus  location  and 
local -beam  divergence. 

A  first  study  of  the  spatial  evolution  of  the  anode  and  cathode  plasmas 
in  a  3-TW  pi nc.h-reflex  diode  was  performed  on  multiple  shots  spanning  the 
power  pulse.  Surfaces  at  constant  line  density  (3  x  10^/cm^)  are  observed  t 
expand  from  the  electrodes  at  times  approaching  peak  power  in  fairly  uniform 
though  nonsymmetric  profiles  and  accelerate  toward  one  another.  After  peak 
power,  significant  anode-plasma  surface  fluctuations  and  a  high  velocity  (up 
to  30  crn/us)  axial  plume  were  observed.  During  the  power  pulse  collapse  a 

1  o  "3 

high  density  (n  >  10  /cm  )  plasma  bridges  the  anode-cathode  gap  over  the 
central  7.5-cm  diameter.  On  some  shots  the  high  density  plasma  is  later  seen 
to  open  suggesting  magnetic  plasma  confinement.  The  knowledge  of  the  anode 
and  cathode  shapes  at  peak  power  suggests  that  further  research  into  the 
formation  of  more  uniform  plasmas  is  necessary  for  development  of  a  highly 
focused  ion  diode.  The  measured  evolution  of  the  shapes  of  the  anode  and 
cathode  plasmas  is  the  information  required  to  design  a  first  iteration 
modification  to  the  simple  spherically  focusing  anode. 
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THE  USE  OF  FINITE  J9  FOR  INCREASING  THE 
ION  EFFICIENCY  OF  HIGH  IMPEDANCE  DIODES 


I.  INTRODUCTION 

The  efficient  generation  of  intense  beams  of  energetic  light  ions  is  a  central  objective  of  the  NRL 
Light  Ion  Fusion  Research  Program.1  Over  the  past  several  years,  focused  ion  current  densities  of  over 
100  kA/cm2  from  terrawatt-level  beams  have  been  achieved  with  magnetically  insulated  radial  diodes  at 
Sandia  National  Laboratories2  as  well  as  with  pinch-reflex  axial  diodes  at  the  Naval  Research  Labora¬ 
tory.3  Using  diodes  of  below  2  ohm  impedance,  ion  beam  efficiencies  of  over  70%  were  achieved  in 
both  of  the  above  configurations4, 5  (i.e.,  —  over  70%  of  the  power  travelling  through  the  diodes  was 
carried  by  the  light  ions  generated  therein).  The  question  of  ion  efficiency  is  critical  to  the  goal  of  a 
practical  light  ion  driven  inertial  confinement  fusion  (ICF)  reactor.  As  much  as  possible  of  a  given 
pulsed  power  generator’s  energy  must  be  imparted  to  the  ion  beam  exiting  the  diode  in  order  to  minim¬ 
ize  the  number  of  beam  sources  necessary  for  successful  pellet  ignition  as  well  as  to  maximize  the 
overall  reactor  efficiency.  These  efficiency  considerations  are  well  met  by  the  low  impedance  diodes. 

Unfortunately,  the  high  current  densities  of  the  ion  beams  produced  by  low  impedance  diodes  are 
not  compatible  with  the  focusing  and  transport  systems  presently  under  study  for  bringing  the  beams  to 
bear  on  the  proposed  fusion  targets.6  In  addition,  there  are  strong  arguments  in  favor  of  the  use  of 
high  impedance  generators  in  present  reactor  scenarios.7  High  impedance  diodes  must  be  matched  to 
such  generators  to  ensure  efficient  power  transmission  but  these  diodes  are  plagued  by  relatively  low 
ion  production  efficiencies.  These  low  efficiencies  are  a  direct  consequence  of  established  diode  theory. 
It  has  been  found  semiempirically3  that  the  total  current  flowing  through  a  pinched-beam  diode  may  be 
approximated  by 
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where  y  **  l  +  — - ,  j1?  —  cathode  radius,  £  —  axial  anode-cathode  i.-l-A")  gap,  K  —  diode 
voltage,  and  m,  —  ion  (proton)  mass.  Implicit  in  this  formula  is  an  lon-to-electron  current  ratio  given 
by 

f  »  0.5  i-  j;  ,2) 

If  c  D 

where  v,  is  the  mean  ion  velocity.9  Thus,  for  a  fixed  voltage,  increasing  the  diode  impedance  translates 
to  decreasing  the  aspect  ratio,  R/D.  That,  in  turn,  results  in  a  decrease  of  the  current  ratio  /,//,  and  a 
lowering  of  the  ion  production  efficiency,  IJ  ( !t  -?■/,).  This  is  the  crux  of  the  problem  addressed  by  this 
research.  Stated  in  other  terms,  Eq.  (2)  expresses  the  inverse  dependence  of  the  specie  current  ratio 
on  the  ratio  of  respective  species  lifetimes  in  the  A- K  gap.  By  increasing  the  relative  electron  lifetime 
over  the  standard  parapotential  flow  model10  11  through  some  modification  of  the  diode  field  structures, 
one  can  hope  to  significantly  beat  the  R/D  limit.  The  modification  studied  herein  involves  the  intro¬ 
duction  of  finite  azimuthal  current  flow  in  the  cathode  shank  which  gives  rise  to  strong  tangential  mag¬ 
netic  fields  along  the  electron-emitting  shank  surface.  For  the  J„  values  tested,  this  technique  produced 
positive  results  in  increasing  the  effective  ion  efficiency,  p,,  of  a  40  diode.  The  same  values  tested 
in  a  250  diode  did  not  substantially  effect  its  17,  but  did  modify  the  density  profile  of  the  resultant  ion 
beam.  The  rationale  underlying  the  finite  techniques  as  well  as  the  results  of  the  cases  tested  are 
presented  below. 


11.  THEORY  AND  NUMERICAL  IMPLEMENTATION 


The  theories  quoted  in  the  previous  section  assume  a  predominantly  radial  flow  of  electrons  cas¬ 
cading  from  the  cathode  face  at  radius,  R.  down  toward  the  center  of  the  anode.  For  diode  potentials 
in  excess  of  l  MV,  electrons  are  quickly  accelerated  to  very  near  the  speed  of  light,  c.  Their  gap  life¬ 
times.  t e,  are  thus  on  the  order  of  R/c.  On  the  other  hand,  due  to  their  much  greater  mass,  protons 
experience  little  deflection  from  an  axial  trajectory  across  the  A-K  gap  of  width,  D.  They  have  life- 
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times,  r,,  of  about  D/v,  where  v.  is  the  average  ion  velocity.  Allowing  for  oscillations  in  the  electron 
flow  yields  a  pessimistic  electron-to-ion  ~  ratio  equal  to  the  current  ratio  of  Eq.  (2).  In  order  to 
increase  this  ratio,  a  thin  hydrogen-rich  foil  may  be  substituted  in  place  of  a  solid  anode.  The  thickness 
of  the  foil  is  such  as  to  allow  an  electron  to  pass  through  it  without  excessive  energy  loss  Behind  the 
foil,  a  virtual  cathode  and/or  a  strong  S*  acts  to  reflect  the  electrons  back  into  the  A  —  K  gap.12  13  In 
such  a  case.  rt.  increases  with  .V,  the  number  of  reflections  through  the  foil  experienced  by  a  typical 
electron.  That  is  the  essence  of  the  pinch  reflex  diode  (PRD)  (see  Figure  1)  pioneered  by  NRL. 
Alternately,  the  entire  diode  may  be  reconfigured  from  an  axial  to  a  radial  A-K  gap  geometry  as  in 
Figure  2.  In  such  a  diode  a  combination  of  imposed  B.  and  seif-generated  magnetic  fields  constrain 
electron  flow  to  form  an  azimuthally  symmetric  negative  space-charge  cloud  stretching  some  distance 
from  the  cathode  into  the  radial  gap.  Given  the  proper  choice  of  operating  voltage  and  other  parame¬ 
ters,  few  electrons  will  reach  the  anode  (r,  —  oo)  and  virtually  all  of  the  current  in  this  "radial  diode" 
will  be  carried  by  the  ions  in  their  near-radial  trajectories  across  the  gap.14  15 

With  reference  to  the  previously  mentioned  problem  of  low  ion  production  efficiency  in  high 
impedance  diodes,  it  was  reasoned  that  a  possible  solution  might  be  to  combine  the  rt  enhancement 
created  by  the  electron  reflexing  anode  foil  with  that  arising  from  the  electron  flow  constraints  imposed 
by  the  magnetic  fields  such  as  those  found  in  a  radial  diode.  Specifically,  the  standard  axial  pinch-reflex 
geometry  of  Figure  1  might  be  retained  while  imposing  an  azimuthal  current  density,  in  the  tip  of 
the  cathode  shank.16  Experimentally,  this  could  be  achieved  by  cutting  an  azimuthally  symmetric  pat¬ 
tern  of  spiral  gaps  into  the  shank  tip.17  Increasing  the  pitch  and/or  the  density  of  the  spirals  would 
increase  the  effective  l4  component  of  the  net  cathode  current.  This  /„  would  give  rise  to  a  strong  Br 
along  the  intense  electron  emission  region  at  the  tip  of  the  cathode  which  field  would  impart  a  finite 
angular  momentum  to  those  electrons.  Several  consequences  can  be  expected.  First  of  all,  depending 
upon  the  strength  of  (5,)CaTH00E,  net  electron  emission  along  the  cathode  tip  will  be  reduced  due  to 
tangential  magnetic  field  effects  Uonger  electron  space-charge  retention  near  the  emitting  surface).18  If 
the  impedance  remains  fixed,  this  would  demand  an  increase  in  the  ion  efficiency.  Secondly,  finite 
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angular  momentum  will  prohibit  electrons  from  reaching  R  —  0  and  thus  will  inhibit  the  formation  of 
large  electron  space-charge  accumulations  along  the  diode’s  central  axis.  (Such  a  charge  build-up  is 
common  in  pinch-reflex  diodes).19  This  should  depress  the  ion  emission  peak  at  the  center  of  the  anode 
and  likewise  limit  the  growth  of  the  anode  plasma  ’’pimple'*  at  zero  radius,20  thus  lowering  the  average 
divergence  of  the  ion  beam.  Thirdly,  the  additional  degree  of  freedom  in  the  electron  motion  neces¬ 
sarily  complicates  the  particle's  trajectory  through  the  A—K  gap.  Convoluted  figure-eight  electron 
orbits  have  been  observed  to  increase  r(  in  conventional  PRD’s;21  the  effect  should  be  much  more  pro¬ 
nounced  here.  Finally,  there  is  a  possibility  of  noticable  magnetic  insulation  of  the  electron  flow  near 
the  anode  plasma  surface  due  a  combination  of  electron  diamagnetic  effects  and  foil  flux  exclusion. 
The  resultant  formation  of  an  electron  charge  layer  near  the  ion-emitting  surface  is  a  key  mechanism 
for  efficient  ion  production  in  radial  diodes.22  There  are  thus  four  reasons  for  optimism  over  this  pro¬ 
posed  modification  for  high  impedance  axial  diode  design. 

NRL’s  DIODE2D  computer  code  was  employed  to  numerically  simulate  the  steady-state  operating 
conditions  for  such  a  7«-diode  (JTD)  for  various  sets  of  parameters.  The  details  of  the  code  may  be 
found  elsewhere.22  It  is  sufficient  here  to  point  out  that  DIODE2D  calculates  equilibrium  electric  and 
magnetic  field  strengths  over  an  NZ  x  NR  mesh  of  discrete  data  points  on  a  pre-determined  computa¬ 
tional  region  corresponding  to  an  arbitrary  R-Z  planar  cross-section  passing  through  the  diode’s  center- 
line.  Complete  azimuthal  symmetry  is  assumed.  A  finite  number  of  macro-electrons  and  macro¬ 
protons  having  correct,  physical  charge-io-mass  ratios  are  advanced  timestep-by-timestep  across  the 
mesh  in  a  relati vistically  covariant  manner.  A  steady-state  solution  is  sought  both  for  field  structures  as 
well  as  for  particle  flows.  No  time-dependent  phenomena  are  actually  treated. 

The  dimensions  of  the  diode  numerically  modeled  here  come  from  actual  experimental  apparatus 
designed  by  NRL  personnel  for  light  ion  beam  research  on  the  AURORA  and  PBFA-I  pulsed  power 
generators.  At  the  U.S.  Army’s  Harry  Diamond  Laboratories  (HDL),  one  of  the  four  50-ohm  lines  of 
the  AURORA  machine  was  fitted  with  a  custom  designed  PRD.24  The  experimental  arrangement  is 
depicted  in  Figure  3.  Details  of  the  diode  structure  at  the  tip  of  the  device  are  shown  in  Figure  4.  All 
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Fig.  3  —  The  NRL -AURORA  ion  diode  experiment 
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radial  dimensions  are  given  in  centimeters.  Of  the  three,  variable  axial  dimensions  indicated,  the  most 
significant  is  £)0,  the  anode-cathode  N-K)  gap.  For  a  fixed  cathode  radius  of  five  centimeters,  the 
value  of  D0  essentially  determines  the  diode  impedance  and  efficiency  for  a  given  applied  voltage  via 
Eqs.  (1)  and  (2).  It  may  be  further  noted  that  the  diode  of  Figure  4  is  in  a  "negative  polarity" 
configuration  corresponding  to  the  early  experimental  runs  on  AURORA.  The  cathode  is  the  central 
conductor  of  the  coaxial  line  and  the  resultant  ion  beam  is  accelerated  toward  the  machine,  making 
beam  diagnostics  very  difficult  and  beam  transport  impossible.  In  more  recent  experiments,  the  central 
conductor  was  switched  to  positive  polarity25  and  the  anode  foil  and  cathode  appropriately  reversed. 
Such  a  change  in  polarity  can  be  expected  to  significantly  modify  the  source-free  electric  field  structure 
only  at  large  radii  and  probably  have  little  impact  on  the  dynamics  of  particle  flows  in  the  active  4-K 
gap  below  five  centimeters  radius.  This  relative  isolation  of  the  active  particle  flow  region  from  the 
large  radius  field  structure  similarly  encouraged  the  use  of  the  same  diode  structure  of  Figure  4  to 
model  the  4-6  ohm  PRD  being  designed  by  NRL  for  use  on  the  individual  lines  of  PBFA-I  at  Sandia 
Labs.  Only  the  diode  voltage  and  axial  dimensions  were  changed.  Specifically,  the  AURORA  simula¬ 
tions  were  conducted  with  D0  —  3.3  cm  at  5.0  MV  while  those  for  PBFA-I  were  with  D0  —  0.66  cm  at 
2.0  MV. 

The  volume  that  must  be  simulated  using  the  DIODE  2D  code  extends  radially  from  the  central 
axis  to  the  inner  radius  of  the  anode  shell  and  axially  from  the  plane  corresponding  to  the  recessed  foil 
face  of  the  cathode  out  to  the  inner  plane  surface  of  the  vacuum  vessel,  anode  shell.  Since  it  presumes 
azimuthal  symmetry,  the  computer  code  only  deals  with  a  single  R-Z  planar  cross-section  extending 
out  from  the  centerline.  This  computational  region  is  presented  in  Figure  5.  The  grid  points  are  shown 
as  dots  and  correspond  to  the  center  of  their  respective  rectangular  data  cells.  Given  the  monolayer  of 
guard  cells  completely  surrounding  the  entire  region  in  which  particles  are  "allowed,"  a  total  of 
(SZ  +■  2)  *  (SR  *2)  *■  66  x  52  —  3,432  mesh  points  are  used.  The  bottom  boundary  corresponds 
to  the  central  axis  (R  —  0)  of  the  diode.  The  right  and  upper  boundaries  represent  the  anode  shell  and 
are  maintained  at  the  full  anode  potential.  The  left  boundary  is  kept  at  zero  voltage  up  to  cell  22  and 
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then  increased  logarithmically  up  to  the  anode  voltage.  Perfectly  conducting  cathode  and  anode  sur¬ 
faces  are  included  in  the  computational  region  as  shown  in  Figure  5.  They  are  treated  numerically  via  a 
capacitance  matrix  technique  described  elsewhere  (see  Ref.  26)  On  the  order  of  104  macroelectrons 
and  104  macroprotons  participate  in  the  simulation  at  steady  state.  These  macroparticles  are  emitted  at 
their  respective  electrodes  along  the  heavy-lined  surfaces.  Axial  currents  in  the  cathode  shank  and  in 
the  anode  stalk  are  treated  rigorously  as  a  function  of  :  in  order  to  ensure  an  accurate  distribution  of  B „ 
throughout  the  diode.  The  results  of  these  numerical  simulations  as  well  as  a  summary  of  the  conclu¬ 
sions  which  could  be  drawn  from  them  are  presented  in  the  following  two  sections. 

III.  RESULTS 

1.  AURORA 


The  first  diode  modeled  was  one  appropriate  for  use  on  the  AURORA  machine.  The  diode  volt¬ 
age  was  fixed  at  5  MV.  The  axial  spacing  between  grid  points  was  set  to  A  Z  —  0.15  cm,  yielding  an 
A-K  gap,  D0,  of  3.3  cm  (see  Figure  4).  For  a  cathode  radius  of  5.0  cm,  Eq.  (1)  predicts  a  diode 
current  of  156.7  kA  yielding  an  impedance  of  32  ohms.  Equation  (2)  predicts  an  ion  efficiency,  n,,  of 


only  0.0725 


These  predictions  fall  far  short  of  observed  results.  A  diode  with  the  above 


geometry  and  voltage  was  tested  experimentally  and  computationally  by  NRL  and  the  results  were  just 
recently  published.27  The  numerical  simulation  quoted  in  that  paper  found  a  steady-state  diode  current 
of  205  kA  of  which  40  kA  were  carried  by  protons.  This  amounts  to  a  diode  impedance  of  24  ohms 

t 

and  an  ion  efficiency,  t),,  of  about  0.195.  The  average  experimental  results  reported  in  the  same  paper 
were  (diode  ~  250  kA  (20  ohms)  and  tj ,  =  0.20.  It  should  be  noted  that  the  experiment  started  with  an 
A-K  gap  of  4.9  cm  but  that  gap  closure  due  to  electrode  plasma  expansion  was  expected  to  have  nar¬ 
rowed  that  to  about  3.3  cm  by  the  time  of  peak  current  in  the  power  pulse.  Those  findings  clearly  con¬ 
tradict  Eqs.  (1)  and  12).  High  impedance  operation  gives  rise  to  new  diode  phenomena  not  properly 
treated  in  that  earlier  analysis.  The  need  for  a  more  complete  theoretical  treatment  still  exists.  Until 
one  is  found,  numerical  simulation  is  the  best  nonexperimental  tool  available  for  analysis. 
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As  an  additional  "benchmark"  for  the  results  to  be  reported  here,  a  numerical  simulation  was  car¬ 
ried  out  on  the  same  diode  but  in  positive  polarity.  The  results  were:  /,,  =  182  kA,  /,  —  56  kA. 

—  238  kA,  Z  —  21  ohms,  and  -r),  —  0.235.  This  is  in  agreement  with  the  negative  polarity  experiment 
indicating  that  changes  in  the  electric  field  configuration  along  the  far  boundaries  of  the  diode  have  lit¬ 
tle  effect  on  the  physics  of  the  A  —  K  gap.  Higher  currents  were  achieved  here  than  in  the  negative 
polarity  simulation  probably  because  no  electron  emission  along  the  cathode  shank  had  been  permitted 
in  that  earlier  run.  The  electron  particle  plot  of  Figure  6  shows  very  significant  electron  flow  from  the 
shank.  To  test  the  effects  of  in  the  shank,  a  negative  polarity  was  again  assumed  in  the  diode  to 
conform  to  the  quoted  experiments. 

The  azimuthal  current  was  imposed  in  the  cathode  shank  in  a  very  straightforward  manner. 
Referring  back  to  Figure  5,  a  constant,  predetermined  value  of  J„  was  assumed  in  each  of  the  data  ceils 
in  the  rectangular  region  stretching  from  IZ  —  6  through  IZ  *  21  and  from  IR  —  18  through  //?  =—21 
(i.e.,  —a  cross-sectional  area  of  2.4  cm:).  As  a  first  test  for  the  idea,  a  value  of  /*  ■»  1  kA/cm:  was 
arbitrarily  chosen  giving  2.4  kA  of  azimuthal  current  flowing  through  the  shank.  The  effect  of  this 
small  A,  was  quite  pronounced.  In  a  simulation  of  electron-only  flow,  a  net  current  of  209  kA  was 
achieved  (diode  impedance  of  24  ohms).  A  sampling  of  electron  positions  in  the  steady  state  for  that 
case  is  presented  in  Figure  7.  The  shaping  of  the  electron  flow  by  the  shank's  5-field  is  clearly  discern- 
able.  Notice,  in  particular  the  intense  stream  of  electrons  from  the  top  rear  of  the  shank  arcing  up  and 
across  the  gap  along  the  field  lines.  There  also  seem  to  be  electrons  that  are  emitted  from  the  inside 
shank  surface  and  then  flung  upward  behind  the  foil.  The  net  effect  is  an  increase  in  the  mean  radius 
of  electron  impact  on  the  anode  foil.  Thereafter  in  the  simulation,  proton  emission  was  turned  on 
along  the  entire  front  face  of  the  anode  foil.  The  new  equilibrium  with  both  species  present  yielded  the 
following:  /,  =*  244  kA,  /,  “  41  kA,  /nei  -  285  kA,  Z  =*  17.5  ohms,  and-n,  =  0.144.  Thus,  the  ion 
production  efficiency  decreased  by  0.091  or  almost  40%  while  the  impedance  dropped  by  about  17% 
compared  to  the  J *  =  0,  "benchmark"  case.  This  was  unexpected  but  an  examination  of  the  sample 
particle  plots  of  Figure  8  suggests  two  causes.  First  of  ail,  the  electron  stream  is  illuminating  only  a 
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Fig.  7  —  AURORA  eiectrons-only  flow  for  y,  -  1  kA/cm2 
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relatively  small  area  of  the  anode.  This  is  lowering  17,.  Secondly,  the  shank  magnetic  field  is  still 

enhancing  the  net  shank  electron  emission  by  keeping  large  numbers  of  electrons  emitted  in  the  rear  of 

the  shank  from  hitting  the  forward  portions  of  the  shank  and  lowering  emission  there  as  is  normally  the 
case.  This  "layering'  of  the  shank  electron  flow  can  be  seen  in  Figure  8. 

In  order  to  remedy  this  situation,  a  better  choice  for  was  sought.  The  simulation  code  was 
reset  to  the  electrons  only  equilibrium  and  ./„  was  set  to  10  kA/cm2  or  a  total  azimuthal  shank  current 
of  about  24  kA.  The  results  can  be  seen  in  Figure  9.  This  case  was  not  run  to  equilibrium.  The  net 
effects  were  in  a  beneficial  direction  albeit  to  an  extreme.  The  mean  radius  of  electron  impact  on  the 
anode  foil  was  indeed  increased,  in  addition,  although  emission  on  the  outer  surface  of  the  shank  was 
again  enhanced,  emission  on  both  the  inner  surface  as  well  as  aiong  the  cathode  tip  was  greatly  cur¬ 
tailed  due  to  direct  magnetic  insulation.  The  net  electron  current  fell  to  about  60  kA. 

As  a  reasonable  intermediate  choice  J*  was  taken  as  4  kA/cm2  yielding  /*  *  4.8  kA.  This  case 

was  run  and  again  both  the  impedance  and  the  efficiency  dropped.  Specifically,  the  observed  steady- 

state  currents  were  /,  ■>  257  kA,  /,  —  34  kA,  and  /di0<le  ”  291  kA  giving  an  impedance  of  17.2  ohms 
and  an  ion  efficiency  of  0.117.  As  shown  in  Figure  10,  the  cause  of  the  problem  seems  to  be  very  simi¬ 
lar  to  that  for  the  -  1  kA/cm2  case.  Once  again  although  the  shank  5-field  is  reducing  emission  at 
the  shank  tip,  it  is  also  preventing  much  of  the  normal  self-suppression  of  electron  emission  over  the 
bulk  of  the  outer  shank  surface.  One  improvement  is  the  larger  average  radius  of  electron  impact  on 
the  anode  foil.  This  confirms  the  ability  of  the  shank  J,  to  radially  direct  the  A-K  gap  electron  flow. 
Still,  the  anode  foil  area  illuminated  by  the  electrons  is  rather  narrow  and  most  electrons  appear  to  tran¬ 
sit  immediately  to  the  solid  anode  surface  in  the  rear  without  reflexing  again  through  the  foil.  This 
tightly  restricted  nature  of  the  electron  flow  and  resultant  ion  flow  is  illustrated  by  the  plots  in  Figure 
11.  These  radial  profiles  of  ion  current  density  collected  at  the  cathode  show  distinct  regions  of 
enhancement.  All  three  curves  show  peaks  near  the  central  axis  due  to  the  strong  flow  of  tightly 
pinched  electrons  emitted  from  the  rear  cathode  foil  surface  inside  the  shank.  All  three  likewise  have 
peaks  between  R  —  4  cm  and  R  —  5  cm  corresponding  to  ions  collected  by  the  protruding  cathode 
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shank.  However,  in  terms  of  net  ion  current  collected  at  the  various  radii,  the  JH  **  4  M/cm2  profile 
indicates  that  most  of  the  ion  current  is  flowing  in  a  hollow  cylindrical  shell.  This  capability  to  shape 
the  ion  current  density  emerging  from  the  diode  may  prove  useful  for  future  applications.  Unfor¬ 
tunately  it  is  clear  that  whatever  other  benefits  (-U)Shann  may  offer  for  the  AURORA  diode,  an  improve¬ 
ment  in  ion  production  efficiency  does  not  appear  to  be  among  them. 

2.  PBFA-l 

Much  of  the  on-site  experimental  effort  of  the  NRL  Light  Ion  Fusion  Group  has  been  dedicated 
to  the  design  of  an  ion-efficient,  3-5  Q  diode  for  use  on  individual  modules  of  the  PBFA-I  pulse  power 
generator  at  Sandia  National  Laboratories.  This  work  has  been  conducted  on  the  GAMBLE-II  machine 
at  NRL. 28  A  typical  diode  configuration  used  in  that  research  is  illustrated  in  Figure  12.  The  outer 
radius  of  the  cathode  shank  was  3  cm  while  its  thickness  varied  between  4  and  8  mm.  An  A-K  gap  of 
approximately  5  mm  was  maintained  although  electrode  piasma  expansion  gap  closure  at  a  normal  rate 
of  3  cm/Msec  over  the  40  ns  power  pulse  probably  created  an  effective  A-K  gap  of  3.8  mm.  The 
effective  diode  voltage  was  about  1.8  MV.  For  these  parameters  and  a  gap  of  5  mm,  Eqs.  (1)  and  (2) 
predict  an  impedance  of  7.1  ohms  and  an  ion  efficiency.  17,,  of  0.186.  An  effective  gap  of  3.8  mm 
changes  these  to  5.1  ohms  and  17,  =  0.245  respectively.  Experimentally,  the  diode  ran  at  from  3  to  5 
ohms  and  achieved  0.25  to  0.35  ion  efficiencies  in  40%  of  the  shots  (see  Figure  13).  The  theoretical 
predictions  using  Do  ”  3.8  mm  were  quite  close.  Numerical  simulations  were  conducted  for  a  similar  4 
ohm  diode  at  1.8  MV  and  a  17,  of  about  0.40  was  observed.29  Therefore,  theory,  experiment,  and 
numerical  simulation  all  call  for  between  0.25  and  0.40  ion  efficiency. 

To  numerically  test  the  effects  of  a  shank  J *  on  diode  performance  in  this  lower  impedance 
regime  of  3-5  ohms,  the  same  mode!  diode  as  that  used  for  the  AURORA  simulations  (see  Figure  4) 
was  employed  except  that  the  voltage  was  lowered  to  2  MV  and  D*,,  D0,  and  D.,  were  set  equal  to 
0.60.,  0.66,  and  0.57  cm  respectively.  For  those  parameters,  theory  predicts  4.9-ohm  operation  and  an 
i),  of  at  least  0.247.  The  experimental  and  numerical  results  from  the  actual  GAMBLE-II  diode  would 
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Fig.  12  -  The  high  impedance  Gamble  II  Test  Diode  for  PBFA-I  (courtesy  of  G.J.  Stefartakis  and  D  Mosher). 
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indicate  that  those  predictions  are  pessimistic.  The  computational  results  which  follow  will  use  the 
numerical  run  cited  in  the  previous  paragraph  as  a  7*  -  0  "benchmark." 

The  total  simulation  was  run  in  such  a  way  as  to  sequentially  test  the  following  cases:  (a)  7*  —  0 
with  only  electrons,  (b)  7„  **  2  kA/cm2  with  only  electrons,  (c)  7„  -  2  kA/cm2  with  ions  and  elec¬ 
trons,  and  (d)  7*  —  4  kA/cm2  with  ions  and  electrons.  The  traces  of  the  electron  and  ion  currents  col¬ 
lected  by  the  opposing  electrodes  during  this  run  are  plotted  in  Figure  14.  The  near-steady  state  at  T  — 
400  for  electron  (low  in  the  7*  *  0  case  was  used  as  the  starting  point  for  the  imposed  JH  tests.  This 
azimuthal  current  density  was  again  imposed  on  the  numerical  mesh  points  in  the  rectangular  cathode 
shank  cross-section  extending  from  /Z  =*  6  through  /Z  -  21  and  from  IR  —  18  through  !R  -  21. 
With  the  new  axial  grid  spacing  of  AZ  =*  0.03  cm,  this  amounts  to  an  area  of  0  48  cm2.  The  first  test 
case,  with  7*  —  2  kA/cm2,  therefore  amounts  to  a  net  azimuthal  current  of  0  96  kA.  This  shank 
current  component  was  "turned  on"  at  7  *  400.  At  T  —  600,  ion  emission  was  initiated  along  the 
front  anode  surface.  The  test  for  this  particular  value  of  J»  was  terminated  at  7  -  1200.  well  before  a 
steady  state  had  been  achieved.  The  reason  for  the  early  termination  was  the  poor  development  of  the 
electron  flow  pattern  in  the  diode.  This  is  illustrated  by  the  sequence  of  sample  electron  position 
snapshots  shown  in  Figure  15.  The  first  shot  depicts  the  electrons-only  flow  for  7*  =  0  at  T  =*=  400.  A 
substantial  amount  of  reflexing  through  the  anode  foil  is  apparent  as  is  a  significant  loss  of  electrons 
directly  to  the  solid  anode  surface  behind  the  foil.  A  stream  of  electrons  emitted  from  the  recessed 
cathode  foil  inside  the  shank  can  also  be  seen.  Note  that  the  electron  mainstream  initially  impacts  the 
anode  foil  almost  exactly  opposite  the  cathode  shank  face  (i.e. -between  4.0  and  5.0  cm  in  radius).  The 
electrons-only  flow  with  7*  ™  2  kA/cm2  in  the  second  shot  of  the  series  embodies  the  same  electron 
flow  characteristics  as  the  7*  -  0  case  but  with  significantly  more  radial  pinching.  Few  electrons  are 
impacting  the  anode  foil  opposite  the  shank  face.  In  fact,  a  distinct  gap  has  opened  in  the  flow  above  a 
radius  of  4.2  cm  within  a  millimeter  of  the  foil  surface.  Finally,  in  the  last  of  the  three  segments  of 
Figure  15,  'he  electron  flow  is  shown  at  a  time  when  the  main  ion  flow  has  traveled  about  haifway 
toward  the  recessed  cathode  foil.  Only  the  anode  foil  below  3.0  cm  in  radius  is  being  illuminated  by 
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Fig  14  —  Temporal  (races  of  collected  electron  and  ion  currents  from  the  l‘HFA-1  diode  simulation 
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electron  impacts.  This  translates  to  no  enhancement  of  ion  emission  over  the  large  anode  foil  areas  at 
larger  radii. 

In  order  to  remedy  the  electron  flow  pattern  problem,  the  beneficial  effects  of  elevated  JH  are 
recalled  (see  Figure  9).  At  T  “  1200,  the  azimuthal  shank  current  density  was  doubled  to  4.0  kA/cm2. 
When  equilibrium  was  reached  at  T  *■  2600,  the  sample  electron  and  ion  flow  appeared  as  shown  in 
Figure  16.  There  is  a  definite  improvement  of  anode  illumination  by  electrons  compared  with  the  Jv  — 
2  kA/cm2  case  as  indicated  by  Figure  17  which  provides  radial  profiles  of  accumulated  numbers  of  elec¬ 
tron  hits  (not  necessarily  absorptions)  across  the  face  of  the  anode  foil.  The  numbers  given  are  relative 
and  may  be  normalized  to  the  total  electron  current  in  each  case  if  so  desired.  For  the  purposes  of  this 
comparison,  take  I,  to  be  the  same  for  each  case.  The  —  4  kA/cm2  profile  yields  the  most  sharply 
peaked  hollow  electron  beam  at  the  highest  mean  radius.  The  sharpness  of  the  profile  is  not  unlike  that 
observed  in  hollow  cathode  diodes  having  strong  applied  axial  magnetic  fields.30  The  equilibrium  total 
currents  were  Ie  —  322  kA  and  /,  —  232  kA  yielding  an  impedance  of  3.6  ohms  and  an  ion  production 
efficiency  of  0.42  compared  to  the  JH  —  0  benchmark  of  4.0  ohms  and  17,  =  0.40. 

The  observed  gain  in  net  ion  efficiency  of  0.02  is  insignificant,  especially  when  taken  in  combina¬ 
tion  with  the  0.4  ohm  drop  in  diode  impedance.  There  is  a  difference,  however,  between  the  total  ion 
current  flowing  in  a  diode  and  the  net  ion  current  which  can  be  extracted  from  a  diode  through  the  hol¬ 
low  cathode  shank.  Only  the  latter  is  useful  from  a  practical,  experimental  standpoint.  This  distinction 
is  crucial  in  judging  the  merits  of  the  7- theta  diode.  Plotted  in  Figure  18  are  the  radial  profiles  of  ion 
current  density  striking  the  cathode  for  both  the  —  0  case  (a  Mr  profile  with  a  central  plateau 
corresponding  to  the  location  of  the  anode  foil  support  button)  and  for  the  J*  =  4  kA/cm2  case.  For 
/*  “  0,  a  full  22%  of  the  total  ion  current  is  lost  to  the  cathode  shank.  This  reduces  the  effective  ratio 
of  useful  (extractable)  ion  current  to  total  diode  current  to  0.31.  in  good  agreement  with  the  previously 
mentioned  experimental  observation  of  0.25  to  0.35  ion  efficiencies  in  40%  of  the  4fl  shots  actually 
conducted  on  GAMBLE-II.  In  comparison,  for  /*  **  4  kA/cm2,  only  11%  of  the  total  ion  current  is 
lost  to  the  shank,  leaving  an  effective  ion  efficiency  of  0.374.  This  amounts  to  an  improvement  of  over 
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20%  in  (17 ;) elective  and  thereby  recommends  this  7,-diode  for  experimental  testing  on  GAMBLE-11  for 
possible  use  on  PBFA. 

In  addition  to  this  favorable  result  regarding  enhanced  effective  ion  production,  several  other 
results  merit  mention.  Comparison  of  Figure  18  to  the  corresponding  AURORA  J,  profiles  of  Figure 
11  show  a  hollowing  of  the  ion  beam.  The  central  axis  current  density  peak  dissappears.  Since  shank 
electrons  with  their  finite  angular  momentum  cannot  reach  R  =  0,  this  indicates  that  significantly  more 
electrons  are  being  emitted  from  the  recessed  cathode  foil  on  the  AURORA  diode.  These  can  reach  R 
«■  0  and  enhance  ion  emission  there.  Another  difference  between  the  two  impedance  regimes  is  the 
nature  of  the  cathode  shank  electron  flow.  On  AURORA,  the  imposition  of  7*  actually  enhanced  elec¬ 
tron  emission  on  the  shank  by  lifting  the  flow  away  from  the  surface.  This  phenomenon  does  not  man¬ 
ifest  itself  in  the  4fi  runs.  Finally,  there  was  some  question  whether  any  actual  magnetic  insulation  of 
the  electron  flow  from  the  anode  foil  was  taking  place.  The  answer  was  obtained  by  measuring  the 
strength  of  the  radial  component  of  the  magnetic  field  one-half  data  cell  (0.015  cm)  from  the 
magnetic-flux-excluding  surface  of  the  anode  foil.  Figure  19  shows  that,  as  expected,  very  high  fields 
are  to  be  found  over  large  areas  of  the  foil.  This  is  typical  of  the  diamagnetic  field  enhancement 
observed  in  magnetically  insulated  radial  diodes.jl 

IV.  CONCLUSIONS 

The  major  results  of  all  of  the  above  computer  simulations  are  summarized  in  Table  1.  The 
imposition  of  a  relatively  small  azimuthal  current  in  the  hollow  cathode  shank  of  a  4-ohm  axial  diode 
has  been  numerically  shown  to  increase  the  effective  ion  production  efficiency  of  the  diode  by  over  20%. 
This  positive  result  recommends  the  further  study  of  the  new  concept  both  theoretically  and  experi¬ 
mentally.  Additional  simulations  should  be  conducted  to  examine  diode  equilibria  for  other  values  of 
y«.  Experimentally,  an  actual  7^-diode  has  been  constructed  as  shown  in  Figure  20.  Its  cathode  shank 
is  approximately  six  centimeters  in  diameter  with  48  slots  3/8  inch  deep,  0.04p  inch  wide,  and  angled  at 
20®  cut  around  its  periphery  in  order  to  generate  a  by  spiraling  the  current  flowing  through  the 

30 


t 


Table  1  -  Summary  of  Major  Results 


barker  and  Goldstein 


171  0.210  0.123  0.103 


BARKER  AND  GOLDSTEIN 


shank.  Three  shots  were  conducted  using  this  diode  on  GAMBLE-II  but  diagnostic  difficulties 
prevented  the  gathering  of  enough  useful  information  for  proper  evaluation.  Additional  shots  will  be 
attempted  as  circumstances  permit. 

For  diodes  with  impedances  in  the  neighborhood  of  twenty  ohms,  no  evidence  of  ion  efficiency 
boosting  via  a  shank  J„  has  been  obtained.  However,  even  for  that  case  the  azimuthal  current  com¬ 
ponent  does  significantly  modify  the  radial  profile  of  the  extractable  ion  current  density.  Such  a  capabil¬ 
ity  to  change  the  shape  of  the  ion  beam  which  emerges  from  the  diode  may  prove  useful  in  the  future 
for  optimizing  this  beam  for  transport  away  from  the  diode  through  plasma  channels. 
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NUMERICAL  STUDY  OF  ELECTRON  LEAKAGE  POWER  LOSS  IN  A 
TRI-PLATE  TRANSMISSION  LINE 

I.  I  INTRODUCTION 

There  exist  two  major  alternate  geometries  for  intense  light  ion  beam 
sources  (diodes)  to  be  used  in  light  ion  inertial  confinement  fusion  reactor 
scenarios.  They  are  the  axial  pinch-reflex  diode  (PRD)  pioneered  at  the  Naval 
Research  Laboratory*  and  the  magnetically  insulated  radial  diodes  under 
development  at  Sandia  National  Laboratories^  and  Cornell  University.  Each  of 
the  two  diode  types  have  their  respective  advantages  and  disadvantages.  The 
low  impedance  (0. 5-2.0  ohm)  PRO'S  tested  on  the  Gamble  II  pulsed  power 
generator  at  NRL  proved  themselves  capable  of  delivering  over  70"  of  the  net 
power  flowing  through  the  diodes  to  the  light  ion  (H+  and  D+)  beams. d  They 
owed  their  nigh  ion  production  efficiencies  to  the  theoretically  established 
benefits  of  large  aspect  ratios3  (cathode  radius/ A-K  gap)  ana  multiple 
reflections  of  electrons  through  the  anode  foil.3  Tne  geometry  of  the  PRD 
(pinch-reflex  diode)  produced  an  axially  flowing  ion  beam  which  could  then  be 
directed  to  illuminate  a  fusion  pellet  target  located  some  distance  away.7  In 
seme  current  fusion  reactor  conceptual  designs  this  can  be  considered  an 
advantage  since  the  ion  beam  source  could  then  be  located  far  enough  away  from 
the  fusion  reactor  vessel  to  protect  them  from  possible  radiation  and  blast 
damage.  In  addition,  there  would  be  no  limit  to  the  number  of  individual 
axial  diode  ion  beam  sources  which  could  be  arrayed  around  a  central  target  to 
deliver  as  much  beam  power  as  necessary  to  the  target.  Unfortunately , 
t.neoretical  analysis  has  revealed  that  lower  current  ion  beams  lend  themselves 
more  efficiently  to  transport  over  multi-meter  distances.'^  To  maintain  a 
given  power  level  while  boosting  transport  efficiency,  higher  impedance  ion 
diode  sources  are  desirable.  Over  the  past  several  years  NRL  has  pursued  an 
experimental  ion  oiode  development  program  under  DMA  sponsorship  at  the  Harry 
Diamond  Laboratory  (HOL).  In  that  work,  diode  impedances  range  from  10  to  40 


Manuscript  submitted  April  9,  19S2. 


1 


ohms  to  more  closely  match  the  50  ohm  characteristic  impedance  of  the  single 
arm  of  the  AURORA  pulsed  power  generator  used  there  (compared  to  the  1.5  ohms 
of  NRL'S  GAMBLE  II).  To  achieve  the  higner  impedances,  lower  aspect  ratio 
PRO'S  were  employed  and  this  necessarily  lowered  tne  diode's  ion  proauction 
efficiency.  Efficiencies  of  only  20%  to  30%  were  observea.-’  Various 
techniques  are  being  tested  to  improve  this  performance. 

Magnetically  insulated  radial  diodes  offer  a  different  set  of  pros  and 

cons.  They  have  been  shown  to  operate  at  better  than  75%  ion  production 
1  1. 

efficiency.  Since  ion  flow  is  focused  to  the  diode  centerline,  beam 
transport  is  not  a  consideration  and  low  impedances  may  be  employed.  This 
also  means  that  target  ignition  will  take  place  inside  the  diode  which  could 
result  in  damage  to  the  device.  Tne  power  feed  geometry  for  the  radial  diode 
may  also  lead  to  other  difficulties.  Figure  1  presents  a  conceptualization  of 
a  possible  radial  diode  test  aoparatus.  .As  shown  in  the  cutaway  view,  a  large 
number  of  individually  charged  power  modules  are  arrayed  around  the 
ci rcumference  of  the  device.  7ney  are  so  designed  to  dump  their  stored 
electrical  energy  simultaneously  into  the  large  disc-like  trip! ate 
transmission  line  (TTL)  which  fills  the  central  portion  of  the  machine.  Tnis 
triplate  consists  of  an  anode  disc  sandwiched  between  two  equi spaced  cathode 
discs.  The  interolate  separation  may  also  vary  with  radius.  Tne  TTL 
(triplate  transmission  line)  terminates  in  the  center  with  an  azimuthally- 
synmetric  radial  diode.  A  possible  configuration  for  that  central  region  is 
illustrated  in  Figure  2.  Tne  symmetry  of  the  power  flow  to  such  a  diode  is 
one  key  consideration.1'*  Another  is  the  highly  inductive  character  of  the  TTL 
itself.  Tnis  hign  inductance  can  cause  a  severe  lowering  (via  L  .  dl/dt)  of 
the  voltage  across  the  dioce  as  compared  to  the  voltage  output  of  the 
individual  pulsed  power  modules.  Furthermore,  the  resistance  divided  by  the 
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inductance  of  the  TTl  circuit  can  lead  to  a  phase  shift  between  the  peak 
voltage  across  the  diode  and  the  peak  current  flowing  through  the  diode,  with 
unfortunate  consequences  for  the  power  characteri sties  of  the  device.  Those 
problems  have  been  and  are  being  studied  elsewhere.  Tin's  report  focuses  on 
yet  another  possible  TTL  power  loss  mechanism,  namely  that  of  direct  electron 
flow  through  the  vacuum  gap  between  the  plates.  The  properties  of  magnetic 
insulation  are  well  enough  understood  to  ensure  that  an  adequately  insulated 
TTl  could  be  designed  with  sufficiently  large  gap  spacings  for  known  values  of 
diode  current  and  voltage.  However,  there  is  likely  to  be  a  transition  region 
in  the  TTL  in  the  immediate  vicinity  of  the  radial  diode  into  which  will  seep 
a  finite  value  of  the  axial  magnetic  field  imposed  in  the  diode's  A-K  gap. 

The  physics  of  electron  flow  in  such  a  transition  region  cannot  readily  be 
dealt  with  by  analytic  treatment.  For  that  purpose,  this  numerical  simulation 
was  undertaken. 

II.  THE  RADIAL  0I0DE  AND  TTL 

The  ideal  diode  and  triplate  transmission  line  geometry  chosen  for 
analysis  is  depicted  in  Figure  3  (drawn  to  scale).  The  cathode  consists  of  a 
solid  shank  5.0  centimeters  in  diameter  and  5.4  centimeters  long  sandwiched 
axially  between  two  infinite  parallel  plates.  Tne  anode  takes  the  form  of  a 
flat  annular  collar,  mounted  symmetrical ly  and  coaxially  to  the  cathode 
shank.  Tne  anode's  inside  diameter  of  5.5  centimeters  yields  a  radial  anode- 
cathode  gap  of  0.5  centimeter  while  its  4.4  centimeter  thickness  allows  a 
clearance  of  1.0  centimeter  from  each  of  the  parallel  cathode  plates.  An 
electrical  potential  difference  of  2.0  megavolts  is  maintained  between  the 
electrodes.  In  addition,  a  field  coil  structure  is  assumed  such  that  a 
constant  and  uniform  background  320  of  20.0  kilogauss  permeates  the  diode  gap 
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completely  from  R  =  5.0  to  R  =  5.5  centimeter.  Tnis  field  is  further  assumed 
to  decrease  in  strength  linearly  with  increasing  radius  inside  the  adjacent 
TTL,  until  it  reaches  zero  at  R  =  5.5  cm. 

The  geometry  under  consi derati on  may  be  subdivided  into  three  separate 
gap  regions  as  shown  in  Figure  4.  Each  half  of  the  "infinite"  triplate  shall 
be  called  Region  I.  It  is  primarily  the  diode  current  flowing  axially  througn 
the  cathode  shank  which  generates  an  azimuthal  magnetic  field  in  this  region 
to  insulate  the  electron  flow.  Region  II  consists  of  the  radial  anoce-cathoae 
gap  which  is  the  heart  of  the  radial  diode.  There  too  an  insulating  33  arises 
from  the  cathode  shank  current.  Mote,  however,  that  I2  must  go  to  zero  at  the 
diode's  center  plane.  3.  must  vanish  with  it  there.  For  that  reason,  it  is 
the  strong  applied  axial  magnetic  field,  32Q  ,  which  must  be  relied  upon  to 
insulate  the  electrons  in  the  diode.  The  azimuthal  field  component  there 
serves  primarily  to  complicate  the  electron  flow.  Finally,  there  is  the 
transition  volume  of  Region  III.  In  the  lower  third  of  that  region,  S  wi 11 
closely  resemble  that  of  II  but  E  will  be  weaker  and  no  longer  totally 
radial.  In  the  upper  two-thirds  there  is  a  fairly  sharp  37  gradient  which 
should  act  to  prevent  any  TTL  electrons  from  entering  II.  Exactly  where  those 
reflected  electrons  go  is  the  central  question  treated  herein.  Before 
plunging  into  the  numerics,  it  is  first  illuminating  to  derive  some  zeroeth- 
order  predictions  for  Region  I  and  II  from  simple  analytic  theory. 

Throughout  most  of  Region  II,  the  vacuum  electric  field  has  a  uniform 
value  of  (Er,  Ez)  =  (1 . 33x10“,  0.0}  statvol ts/cm,  while  in  (Ef,  Ez)  =  (0.0, 
0.566x1 0d)  statv/cm.  In  the  absence  of  3Z  and  3^  in  II,  the  expected  space- 
charge  limited  electron  flow  (ignoring  ions)  may  be  approximated  by  the 
Langmui  r-Compton1*3  expression 
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L  =  length  of  emitting  shank  =  4.4  cm,  V  =  diode  voltage  =  2.0  MV.  For  the 
given  values  of  radii,  5  =  0.09531  and  =  0.09176.  This  predicts  an 
electron  current  of  3.95  megamperes  in  the  radial  A-K  gap  (>1.3.  -  This  ignores 
those  portions  of  the  cathode  shank  in  Region  III).  Significant  electron 
emission  can  also  be  expected  along  the  parallel  cathode  side  plates  of  Region 
I.  The  space-charge  limited  electron  current  density  emitted  there  can  be 
approximated  from  the  relativistic  expression  attributed  to  Friedlander, 
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where  d  =  arode-cathode  plate  separation  =1.0  cm.  For  the  two  megavolts 
applied,  this  predicts  Je  =  5.1024  !<A/cm  .  In  the  simulation  that  follows, 
electron  emission  is  permitted  on  these  surfaces  between  R  =  5.2  and  R  =  9.5 
cm.  Inis  yields  an  emission  area  of  193.5  cm-  in  each  TIL  or  a  total  diode 
feed  line  electron  current  of  about  2.0  megampere.  Ignoring  the  effects  of 
magnetic  fields,  this  aoparatus  as  modeled  would  therefore  have  a  total 
electron  current  of  about  six  megamperes.  Substituting  an  electron-ion  bi¬ 
polar  current  in  the  A-K  gap  raises  the  figure  there  by  about  a  factor  of  1.36 
and  thereby  boosts  the  total  diode  current  to  about  9.35  megamperes. 

In  order  to  gauge  the  effect  of  magnetic  insulation  in  Region  I  a 
parallel  can  be  drawn  with  the  analysis  of  the  “critical  current"  in  an 


In  that  device,  the  axial  current 


idealized  parallel  plate  axial  diode.1,7 
flow  generates  an  axial  magnetic  field  which  causes  emitted  electrons  to  bend 
toward  the  center  axis.  If  this  S.  (and  therefore  this  I,)  is  larce  enouoh, 
the  electron  will  not  reach  the  anode  plate.  Ignoring  the  effects  of  tne 
emitted  electron  space-charge,  a  simple  estimate  can  be  made  for  the  "critical 
current,"  Ic>  necessary  to  produce  an  electron  trajectory  which  just  grazes 
the  anode  surface: 


I  3  8500  3y  Gj)  amperes 

where  R  =  the  radius  of  emission,  d  =  A-K  gap,  and  3  and 

relativistic  definitions.  Here  3  =  0.98,  y  =  4.9, 

max  max  ’ 

that  the  eouation  becomes 


(3) 

Y  Have  their  standard 
and  d  =  1  .0  cm  so 


I 


c 


4.08xl04 


R  amperes 


(4) 


The  axial  currant  taking  part  in  the  physics  of  Eq.  4  may  be  considered  to 
consist  only  of  the  total  cathode  shank  current  (i.e.  -  one  half  of  the  net 
Region  II  current).  By  definition,  the  insulated  electron  flew  in  the  77 L  can 
contribute  no  net  axial  current.  The  previous,  crude  estimate  of  electrons- 
only  I.j  of  3.95  MA  leads  to  an  axial  current  of  1.98  MA  which  implies,  via 
Eq.  4,  magnetic  insulation  out  to  a  radius  of  about  43.5  centimeters. 

However,  in  a  prooerly  functioning  radial  diode,  the  current  prediction  of  Eq. 
1  will  not  hold  true.  The  relativistic  electron  gyroradius  in  the  imposed  20 
:<G  axial  magnetic  field  is  only  0.4]  cm,  well  below  the  0.50  cm  width  of  the 
gap.  Thus,  magnetic  insulation  should  prevail  and  estimates  for  diode 
performance  should  be  sought  directly  from  the  literature  on  magnetically 


insulated  coaxial  charge  flow.  In  one  of  the  most  recent  comprehensive 
treatments  on  the  subject,^  it  was  noted  that  the  critical  field  for 
insulation  is  given  by 


(5) 


where  r^  is  the  anode  radius,  r.  is  the  cathode  radius 

and  V  =  -At  s  .  For  d>  =  2  MV,  V  equals  3.9  and  3r  becomes  17  kG,  well  below 
o  2  o  o  o  c 

mc 

the  chosen  value  of  3Z0  =  20  kG  in  the  diode  under  consideration.  There  also 
appears  in  Reference  IS,  rough  parametric  plots  of  ion  current  values  for 
various  combinations  of  diode  characteri sties.  From  these  plots,  it  may  be 
crudely  approximated  that  the  ion  current  in  Region  II  should  be  about  2-3 
times  the  Langmui r-31 odgett  ion  current,  I^g.  This  I^g  will  be  equal  to  the 
previously  predicted  3.95  MA  for  electrons  multiplied  by  the  square  root  of 
the  electron-proton  mass  ratio,  ma/m.;.  This  leads  to  a  Region  II  ion  current 
of  about  2C0-300  !<A  and  a  half -current  of  1  00-1  50  !<A  which  in  turn  implies 
magnetic  insulation  in  the  TTl  out  to  a  radius  of  only  2.45  to  3.68  cm.  This 
translates  to  no  insulation  at  all  ’ n  the  TTL  since  its  lower  radius  is  5.0 
cm.  Only  the  full  numerical  simulation  can  accurately  show  what  the  true 
outcome  will  be. 


III.  THE  COMPUTATIONAL  EXPERIMENT 

The  numerical  simulation  of  the  radial  diode  was  carried  cut  with  the 
latest  version  of  NRL's  0IQ0E20  comouter  code.1*'  This  code  is  two  and  one- 
half  dimensional  (i.e.,  particles  are  allowed  two  spatial  coordinates,  r  and 
z,  as  well  as  three  canonical  momentum  components  Pp,  ?z  and  ?  ).  Tne 

computational  "particles"  are  azimuthally-symmetric  charge/current  rings  with 


charge-to-mass  ratios  correspondi ng  exactly  to  that  of  electrons  and 
protons.  The  motion  of  these  macroparti  cl es  is  treated  completely 
relativistically.  DIOOE2D  is  a  partial e-i n-cell  (PIC)  code  in  which 
macroparticle  charges  and  current  densities  are  area-weighted  over  tne  *our 
nearest  grid  points  on  the  computational  mesh.  In  its  electrostatic, 
magnetostatic  treatment,  D 1 00 £20  solves  Poisson's  equation  to 

20 

obtain  ®(r,z)  and  A„(r,z)  respectively  from  p(r,z)  and  J„(r,z).  From  these 
the  self-consistent  fields  are  given  by  E  =  -7?  and  3  =  (5p,  S  )s  *7x1. 
Tne  azimuthal  component  of  the  sel  f-magnetic  field,  3  ,  is  found  directly 

w 

through  radial  integration  of  Ampere's  Law  over  the  mesh.  Regularly  s.naoed 
conductor  regions  which  exclude  electric  field  and  magnetic  flux  may  oe 
overlayed  on  the  computational  mesh  by  utilizing  a  capacitance  matrix 
technique-*  in  the  Poisson  solving  algorithm.  Tnis  optional  capability  was 
essential  for  this  particular  simulation.  A  static  and  spatially  non-uniform 
axial  magnetic  field  is  imposed  on  the  computational  mesh  in  a  manner 
presented  in  the  treatment  below. 

Figure  5  depicts  the  layout  of  the  computational  mesh  used  to  mocei  tne 
combined  radial  diode  and  TTL  of  Figure  4.  Due  to  its  1 eft-to-ri gnt  symmetry, 
only  the  left-half  of  the  device  is  moaeled  on  the  computer.  Tnus,  tne 
current  values  tabulated  in  Section  17  for  the  numerical  mocei  must  oe 
multiplied  by  two  to  apply  to  the  entire  diode.  In  setting  up  the 
computational  mesh  primary  attention  was  paid  to  ensuring  needed  soatial 
resolution  of  field  and  particle  motions  in  all  regions  of  interest.  As 
presented  in  Section  II,  the  electron  gyroradius  in  the  radial  gap  is 
approximately  0.^1  cm.  A  minimum  of  four  cells  per  gyroradius  is  desired 
so  dr  is  fixed  at  0.1  cm.  Considerations  regarding  the  fast  fourier  transform 
technique  employed  in  the  Poisson  solver  allow  increased  generosity  with  the 
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Fig.  5  —  Layout  of  the  numerical  grid 
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number  of  axial  gridpoints  so  that  a  az  of  0.05  cm  is  chosen.  For  the 
specified  diode  dimensions  this  yields  a  computational  mesh  spanning  5A  cells 
in  z  and  1 00  cel  Is  in  r. 

The  temporal  resolution  employed  in  the  simulation  plays  an  equally 
significant  role  and,  if  misjudged,  may  lead  to  gross  numerical 
instabilities.  Once  again,  the  electron  cyromotion  is  a  determining  factor. 
Its  frequency,  fg,  is  estimated  to  be  approximately  5.6x10^  hertz  and  proper 
reoresentation  of  electron  motion  demands  that  fn  .  At  <<  1.0.  At  the  same 

b 

time,  it  is  desirable  to  follow  the  simulation  through  several  ion  anode-to- 

cathode  crossing  times  in  order  to  assure  that  a  believable  steady  state  has 

been  reached.  For  the  given  voltage  of  2  MV,  about  1.2x10"^  second  is 

consumed  by  an  ion  traversing  the  radial  gap.  In  order  to  keep  the  cost  of 

the  simulation  at  a  reasonable  level,  this  crossing  time  should  correspond  to 

no  more  than  1000  timesteps.  Tnese  upper  and  lower  brackets  suggest  a 

-12 

timestep  of  At  =  2.0x10  second.  For  this  choice,  fQ  At  ~  0.11  and  the  ion 
crossing  time  equals  600  timesteps. 

Particles  are  injected  into  the  diode  gap  using  the  space  charge  limited 
amission  condition.  (Just  enough  charge  is  emitted  so  that  the  component  of 
the  electric  field  normal  to  the  emission  surface  vanishes.)  In  this 
simulation,  electron  emission  is  permitted  up  to  a  radiu^  of  9.5  cm  as  well  as 
all  along  the  axial  cathode  surface  to  within  0.2  cm  of  the  diode  center 
plane.  Emission  was  suppressed  at  the  extrema  of  the  comoutati onal  mesh 
because  of  expected  distortion  of  field  values  near  the  boundaries.  In 
contrast  ion  emission  is  restricted  to  the  inner  axial  anode  surface  except 
for  the  region  with  0.2  cm  of  one  diode  center  plane.  Emitting  sufaces  are 
indicated  by  the  heavy  lines  in  Figure  5.  Since  only  the  left  half  of  the 
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diode  is  being  simulated  complete  symmetry  demands  that  any  particles 
impacting  the  right-hand  computational  boundary  are  perfectly  reflected  back 
into  the  simulation  mesh. 

The  question  of  electric  and  magnetic  boundary  conditions  is  not  trivial 
to  handle  properly.  Since  no  particle  emission  is  permitted  closer  than  0.5 
cm  (5  data  cells)  to  the  outer  radial  boundary  of  the  TIL,  there  is  no  serious 
problem  in  assuming  no  change  to  the  source-free,  static  potential  solution 
there  during  the  entire  simulation.  For  that  reason,  the  electrostatic 
potential,  $,  rises  linearly  in  z  from  o  to  $  across  the  1  cm  gap  along  that 
boundary  (see  Figure  4).  (The  magnetostatic  boundary  condition  there  is 
irrelevant  since  there  is  no  3Z  imposed  in  Region  I.)  The  right  boundary  of 
Region  II  is  more  difficult.  It  clearly  does  not  remain  source-free  during 
the  simulation.  Unfortunately ,  the  capacitance  matrix  in  the  Poi sson-sol ver 
must  be  recalculated  every  time  the  boundary  values  of  the  potentials 
change,  mis  is  a  costly  procedure.  Rather  than  pay  the  price  of  matrix 
recalculation,  it  was  decided  to  freeze  the  values  of  o  along  that  boundary  as 
well  at  their  source-free,  logarithmically-spaced  values  (as  in  Figure  4).  In 
addition,  og  self  magnetic'flux  penetration  across  that  diode  centerplane  is 
permitted.  These  conditions  do  some  violence  locally  to  the  E  and  3  field 
structure  there  but  the  gross  dynamics  of  Region  II  should  remain  unaltered. 

IV.  RESULTS 

To  better  understand  the  physics  of  the  device,  two  distinct  simulations 
were  conducted.  In  the  first,  a  benchmark  for  the  radial  diode  operation  was 
sought  by  permitting  electron  emission  only  on  the  cathode  shank.  This 
provided  better  estimates  for  the  ideal  magnetic  insulation  to  oe  expected  in 
the  TTL  region  and  it  gave  a  reference  figure  for  the  maximum  operating  power 
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of  the  diode  itself.  The  second  simulation  allowed  electron  emission  all 
along  the  cathode  surface  in  the  TTL  as  well  as  along  the  shank.  Sample 
particle  position  plots  were  generated  to  depict  the  nature  of  the  electron 
flow  there  in  conjunction  with  plots  of  the  radial  profile  of  electron  current 
densities  striking  the  anode  surface  in  the  TTL.  Direct  measurement  was  made 
of  the  electron  current  flowing  in  Region  I  to  yield  the  percentage  of  total 
power  which  never  reached  the  diode. 

Case  I,  which  simulated  only  the  radial  diode,  was  run  over  1200 
timesteps  of  2.0x10"-“  second  each.  The  electron  and  ion  currants  of  the 
half -diode  being  modeled  are  depicted  in  Figure  5.  (Multiply  by  2  to  obtain 
full  diode  currents.)  During  the  first  4Q0  timesteps,  only  electron  (no  ions) 
were  permitted  in  the  system.  The  dots  on  the  plot  represent  emitted  electron 
current.  The  solid  lines  are  the  collected  ion  and  electron  currants  as 
indicated.  Mote  that  the  electron  flow  was  completely  insulated  in  the  diode 
during  el ectron-only  operation.  A  steady  electron  current  of  about  75  kA 
continued  to  be  emitted  by  the  cathode  shank  but  an  equal  electron  current  was 
continuously  absorbed  by  the  shank.  This  is  characteri sti c  of  ideal  magnetic 
insulation. 22,23  ^  constantly  replenished  cloud  of  electrons  is  formed 
adjacent  to  the  cathode  surface  and  extends  some  finite  radial  distance  into 
the  A-K  gap.  7nis  is  illustrated  in  the  sample  electron  position  plot  of 
Figure  7.  (Mote  again  that  only  half  of  the  diode  is  shown.  The  other  half 
is  completely  symmetric  about  the  center-pl ane. )  Mo  net  current  is  flowing 
t.nrougn  the  diode.  Therefore,  the  TTL  is  completely  uninsulated.  Electrons 
in  that  region  are  free  to  migrate  toward  the  anode  limited  only  by  the  self¬ 
fields  they  may  generate. 

At  T  =  400  it  ,  ion  emission  was  "turned  on"  all  along  tne  cylindrical 
anode  surface.  Tne  resultant  neutralization  of  electron  space  charge  caused  a 
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Fig.  7  —  Sample  electron  positions  with  electrons- 
oniy  flow  in  the  “Benchmark”  case 
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sharp  increase  of  electron  emission  as  seen  in  Figure  6.  In  the  new 
equilibrium  state  formed  by  the  two-specie  flow,  almost  3  MA  was  continuously 
emitted  and  reabsorbed  by  the  cathode  half-shank  to  maintain  the  enlarged 
negative  space-charge  cloud  depicted  in  Figure  8.  The  densest  portion  of  the 
cloud  is  now  within  one  millimeter  of  the  anode  surface.  This  accounts  for 
the  steady-state  ion  half-current  of  about  1.1  MA,  far  above  the  simple 
Langmui r-81 odgett  prediction  of  100-150  kA.  In  contrast,  the  net  electron 
half-current  is  a  mere  250  kA  compared  to  the  nearly  2  MA  L.-8.  estimate.  The 
net  current  flowing  through  one-half  of  the  diode  is  thus  about  1.35  MA. 
According  to  Eq.  4,  this  should  provide  magnetic  insulation  in  the  TTL  out  to 
a  radius  of  about  33  cm  if  the  imposed  axial  magnetic  field  were  not 
present.  However,  8Z  cannot  be  ignored.  It  is  the  key  to  ion-efficient 
operation  of  the  radial  diode. ^  In  combination  with  the  diamagnetic  self¬ 
fields  generated  by  charge  circulation  in  the  electron  cloud,  the  imposed  B2 
forms  an  axial  magnetic  field  in  the  A-K  gap  whose  average  radial  profile  is 
as  shown  in  Figure  9.  The  net  field  gradient  is  mild  in  the  el ectrons -only 
case  but  exceeds  140  kG/cm  when  full  two-specie  flow  is  present.  The  field 
strength  peak  of  almost  70  kG  near  the  anode  surface  in  Region  II  acts  as  an 
effective  barrier  against  electron  penetration  there.  Tne  details  of  the  role 
this  B-field  plays  in  the  A-K  gap  physics  is  discussed  elsewhere. ^  Of 
primary  importance  here  is  the  ''spill-over"  of  this  field  into  Region  II,  the 
1 ower  end  of  the  TTL. 

In  the  model  chosen  for  this  simulation,  the  imposed  20  kG  field  is 
spacially  uniform  between  R= 5 . 0  and  R=5.5  cm.  It  decays  linearly  to  zero  with 
increasing  radius  between  R=5.0  and  R=6.0  cm  in  the  TTL.  To  that  background 
field  must  be  added  the  particle  self-fields.  Sample  values  of  the  net 
8z(r,z)  are  presented  in  Figure  10  for  the  cases  with  and  without  ions  .  Note 
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that  the  Region  II  fields  are  hardly  modified  at  all  in  the  el ectrons-only 
steady  state.  The  addition  of  ions  into  the  system,  as  already  oointed  cut, 
does  make  a  significant  difference.  Particularly  on  the  anode  side  of  Region 
III,  the  values  of  3Z  are  elevated,  resulting  in  a  somewhat  steeper  magnetic 
gradient.  The  modification  of  the  fields  there,  though  significant,  is  quite 
small  in  comparison  to  the  tripling  of  3Z  inside  Region  II.  Therefore,  it  is 
the  imposed  field  gradient  in  the  TTL  that  will  be  responsible  for  loss  of 
insulation  there.  Over  most  of  the  axial  distance,  that  gradient  is  little 
changed  by  current  flows  in  the  diode. 

The  second  simulation  run,  Case  II,  tested  the  full  combination  of  the 
radial  diode  and  the  TTL.  Figure  11  provides  the  correspondi ng  point  plot  of 
emitted  electron  current  as  well  as  traces  of  collected  ion  and  electron 
currents.  Once  again,  the  numerical  model  was  run  for  the  f i rst  400  timesteps 
without  any  ions  present.  The  plot  shews  about  520  :<A  of  electron  current 
continuously  emitted  in  the  steady  state  with  a  full  450  ‘<A  of  it  being 
collected  by  the  anode.  This  leaves  about  170  :<A  of  electrons  to  sustain  any 
reel  rcul  ating  electron  cloud  in  Region  II  or  in  the  TTL  (compared  with  75  ;<A 
in  Case  I).  The  fate  of  the  450  !<A  net  flow  can  be  deduced  from  the  sample 
electron  position  plot  of  Figure  12.  Electrons  appear  to  be  bridging  the  TTL 
gap  out  to  a  radius  of  about  7.5  centimeters  or  more.  Tne  fact  that  electrons 
make  it  across  at  all  is  consistent  with  the  previously  determined  lack  of 
el ectron-only  current  flow  across  the  radial  diode  gao.  iny  3,  insulation  in 
the  TTL  must  therefore  arise  from  the  electron  current  briaging  the  gap 
there.  A  simple  estimate  may  be  obtained  for  the  minimum  insulation  radius  by 
equating  the  critical  current  of  Eq.  4  with  the  net  TTL  current  below  a 
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radius,  R,  assuming  a  uniform  Ja  of  5.1  !<A/cm-  as  determined  from  Eq.  2.  This 
produces  the  expression: 

m  (r2  -  5.52)  5.1;<103  =  4.08xl04  S  (5) 

which  yields  a  minimum  radius  of  about  5.9  centimeters,  in  agreement  with  what 
is  observed  in  the  simulation.  For  a  more  complete  picture  of  the  electron 
flow  pattern  in  the  TIL,  the  emitted  and  collected  electron  current  densities, 
Ja,  were  plotted  in  Figure  13.  An  integration  of  the  collected  current  yields 
425  kA,  which  accounts  for  essentially  all  of  the  net  450  kA  of  electron 
current  flowing  through  the  device.  Furthermore,  the  primary  peak  of 
collected  Ja  lies  be! gw  5.5  cm  in  radius  in  agreement  again  with  the 
theoretical  estimate  of  5.9  cm.  It  is  also  interesting  to  note  the  profile  of 
the  emitted  j  .  As  expected,  the  highest  peak  lies  above  R=9.Q  cm  where  the 
electron  emission  region  begins  and  the  surface  E-fields  are  highest  due  to 
two-dimensional  distortions  in  the  equi potenti al  line  there.  At  that  high 
radius,  however,  the  3^  is  more  than  adequate  to  prevent  the  emitted  electrons 

■j 

*”om  reaching  the  anode.  They  are  bent  around  to  strike  the  cathode  again  at 
around  R=3.Q  cm,  causing  a  virtual  shut-off  of  emission  there  due  to  a  buildup 
of  negative  space-charge.  Tne  emission  profile  is  much  mere  steady  below 
R=7.5  cm  where  3,  is  net  strong  enough  to  confine  electron  flow  near  the 
cathode. 

As  in  the  previous  case  which  looked  only  at  tne  radial  diode,  ion 
emission  in  Region  II  was  "turned  on"  at  T=<iQ0  At.  Tne  relaxation  of  the 
system  to  a  new  steady  state  can  be  traced  in  Figure  11.  3y  T=1 200  At  ,  the 
ion  half-current  collected  has  settled  to  about  925  kA  while  that  of  the 
electrons  is  aoout  300  kA.  Figure  1A  depicts  a  sample  set  of  electron  and  ion 
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Fig.  14  —  Sample  ion  and  electron  positions  for  the  full, 
equilibrium  diode-TTL  case 


positions  at  equilibrium.  The  electron  plot  is  very  different  from  that  of 
Figure  12.  As  previously  stated,  an  ion  half -current  of  about  1.0  MA  is  more 
than  adequate  to  insure  magnetic  insulation  throughout  the  TIL  in  the  absence 
of  any  Bz.  Thus  it  is  no  surprise  to  see  electrons  there  confined  to  a  thin 
sheath  near  the  cathode  surface  down  to  about  6.5  cm,  where  the  applied  axial 
B-field  begins  to  rise  in  value  from  zero  to  a  full  20  kG  at  R=5.5  cm.  In 
that  annular  band  between  5.5  and  6.5  cm,  a  very  significant  leakage  of 
electron  current  to  the  anode  occurs.  This  shorting  should  not  manifest 
itself  were  it  not  for  the  applied  8Z  gradient  there.  To  quantify  the  amount 
of  power  lost  due  to  this  leakage,  the  radial  profiles  of  the  electron  current 
density  emitted  and  collected  in  the  TTL  are  plotted  in  Figure  15.  The 
emission  profile  is  quite  irregular.  Peaks  and  troughs  alternate  down  the 
entire  length.  Enhanced  emission  at  one  point  leads  to  negative  charge 
buildup  downstream  in  the  electron  sheath,  causing  reduced  emission  there.  On 
the  other  hand,  the  collected  Jg  plot  consists  of  a  single,  intense  band  below 
R=5.5  cm  as  could  be  guessed  from  the  sample  position  plot  of  Figure  14.  A 
total  of  about  205  kA  of  electron  current  is  impacting  there  in  the  TTL.  This 
corresponds  to  a  full  two-thirds  of  the  net  electron  current  flowing  through 
the  entire  device.  What  is  even  more  disturbing  is  that  0.41  terawatts  out  of 
a  total  of  2.45  TW  flowing  through  the  half-diode  modeled  are  being  lost  in 


V.  CONCLUSIONS 


The  major  findings  of  this  set  of  numerical  simulations  are  summarized  in 
Table  1.  .As  stared  in  the  introduction,  the  optimization  of  net  ion 
production  efficiency  is  a  central  objective  of  pulsed  power  diode  research. 
The  table  shows  a  loss  of  almost  20%  of  the  net  input  power  in  the  TTL  for  the 
configuration  modeled.  The  loss  can  be  attributed  to  the  steep  gradient  in  Bz 
in  the  transition  region  between  the  TTL  and  the  radial  diode.  Tne  result  is 
about  an  2%  drop  in  the  total  ion  production  efficiency  of  the  TTL-diode 
combination.  Tnat  can  probably  be  tolerated  for  most  practical 
applications.  However,  any  experimental  configuration  different  from  that 
shown  in  Figure  3  will  experience  a  different  and  possibly  greater  power  loss 
in  the  TTL.  One  must  clearly  exercise  care  in  setting  the  TTL  gap  and  in 
shaping  any  imposed  magnetic  field  profiles  in  the  transition  region. 


Table  1  —  Summary  of  results 
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EFFECTS  OF  PARTIAL  SUPPRESSION  OF  ION  EMISSION 
IN  MODERATE  IMPEDANCE  DIODES 


I.  INTRODUCTION 


The  efficient  generation  of  intense  beams  of  energetic  light  ions  is  a  central  objective  of  the  NRL 
Light  Ion  Fusion  Research  Program.1  Over  the  past,  several  years,  focused  ion  current  densities  of  over 
100  kA/cm2  from  terrawatt-leve!  beams  have  been  achieved  with  magnetically  insulated  radial  diodes  at 
Sandia  National  Laboratories2  as  well  as  with  pinch-reflex  axial  diodes  at  the  Naval  Research  Labora¬ 
tory.3  Using  diodes  of  below  2  ohm  impedance,  ion  beam  efficiencies  of  over  70%  were  achieved  in 
both  of  the  above  configurations4  3  (i.e.,  over  70%  of  the  power  coupled  to  the  diodes  was  carried  by 
the  light  ions  generated  therein).  The  question  of  ion  efficiency  is  critical  to  the  goal  of  a  practical  light 
ion  driven  inertial  confinement  fusion  (ICF)  reactor.  As  much  as  possible  of  a  given  pulsed  power 
generator’s  energy  must  be  imparted  to  the  ion  beam  exiting  the  diode  in  order  to  minimize  the 
number  of  beam  sources  necessary  for  successful  pellet  ignition  as  well  as  to  maximize  the  overall  reac¬ 
tor  efficiency.  These  efficiency  considerations  are  well  met  by  the  low  impedance  diodes. 


Unfortunately,  the  high  current  densities  of  the  ion  beams  produced  by  low  impedance  diodes  are 
not  compatible  with  the  focusing  and  transport  systems  presently  under  study  for  bringing  the  beams  to 
bear  on  the  proposed  fusion  targets.6  In  addition,  there  are  strong  arguments  in  favor  of  high  voltage, 
the  use  of  high  impedance  generators  in  present  reactor  scenarios.7  Diodes  matched  to  such  generators 
must  likewise  be  of  high  impedance  to  ensure  efficient  power  transmission  but  such  diodes  are  plagued 
by  relatively  low  ion  production  efficiencies.  These  low  efficiencies  are  a  direct  consequence  of  esta¬ 
blished  diode  theory.  It  has  been  found  semiempirically3  that  the  total  current  flowing  through  a 
pinched-beam  diode  may  be  approximated  by 
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where  y  =»  1  +  — ^  ”  cathode  radius,  D  —  axial  anode-cathode  ( A-K )  gap,  V  —  diode  vol¬ 
tage,  and  m,  »*  ion  (proton)  mass.  Implicit  in  this  formula  is  an  ion-to-electron  current  ratio  given  by 
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where  v,  is  the  mean  ion  velocity.9  Thus,  for  a  fixed  voltage,  increasing  the  diode  impedance  translates 
to  decreasing  the  aspect  ratio,  R/D.  That,  in  turn,  results  in  a  decrease  of  the  current  ratio  7,/7e  and  a 
lowering  of  the  ion  production  efficiency,  !JUe  +  7,).  This  is  the  crux  of  the  problem  addressed  by  this 
report.  The  essence  of  the  proposed  solution  is  an  attempt  to  decouple  the  impedance  from  its  R/D 
dependence  while  exploiting  the  theorized  efficiency  enhancement  gained  through  a  decreased  gap  size. 
D. 


For  fixed  values  of  R,  D,  and  voltage,  the  net  diode  current  can  be  changed  from  that  predicted  in 
Eq.  (1)  by  restricting  the  emission  of  electrons  from  the  cathode  and  ions  from  the  anode  respectively. 
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As  a  starting  point,  take  the  standard  pinch-reflex  diode  (PRD)  geometry  shown  in  Figure  1.  Typical 
electron  and  ion  trajectories  are  as  sketched.  The  predominant  flow  of  electrons  originates  from  the 
cathode  shank  tip.  Electrons  emitted  there  stream  to  the  thin,  polyethylene  anode  foil  (pinching  radi¬ 
ally  as  they  cross  the  A-K  gap  if  the  critical  diode  current  is  exceeded10).  They  then  pass  through  the 
foil  with  an  appropriate  loss  of  energy.  Finally  they  are  reflected  back  through  the  foil  by  the  large 
azimuthal  magnetic  field,  B9,  which  is  present  between  the  foil  and  the  solid  anode  surface.  This 
reflection  (or  "reflexing")  process  continues  as  the  electrons  cascade  toward  the  diode’s  central  axis 
where  they  are  funneled  off  through  the  anode  stalk.  The  hydrocarbon  anode  plasma  formed  along  the 
foil  meanwhile  acts  as  a  rich  source  of  protons  which  are  accelerated  in  the  opposite  direction  toward 
the  cathode.  Proton  emission  can  be  expected  everywhere  the  anode  plasma  has  formed  including 
regions  along  the  foil  at  larger  radii  than  the  outer  radius  of  the  cathod  shank.  Ions  emitted  at  radii 
above  the  inner  radius  of  the  cathode  shank  are  useless  for  light  ion  research  for  two  major  reasons. 
First  of  all,  their  trajectories  differ  so  little  from  straight  lines  that,  assuming  a  planar  anode  foil,  they 
will  probably  all  hit  and  be  absorbed  by  the  solid  cathode  shank  and  thus  be  unavailable  for  extraction 
from  the  diode.  Secondly,  their  presence  near  the  cathode  tip  will  further  increase  the  emission  of  elec¬ 
tion  current  with  presumably  detrimental  results  to  the  overall  ion  production  efficiency. 

These  considerations  lead  one  to  conclude  that  significant  benefit  could  be  derived  by  suppressing 
the  emission  of  ions  from  those  outer  regions  of  the  anode  foil  face.  This  is  accomplished  experimen¬ 
tally  by  covering  the  plastic  anode  foil  beyond  the  inner  cathode  radius  with  a  thin  metal  foil  (on  Gam¬ 
ble  II,  first  tantalum  then  aluminum  was  used11).  This  concept  has  been  tested  at  NRL  with  very 
favorable  results12  which  will  be  discussed  later.  The  numerical  simulations  reported  herein  modeled 
the  steady-state  operation  of  those  experimental  diodes.  The  empirical  data  showed  that  suppression  of 
the  peripheral  ion  emission  both  decoupled  the  diode  impedance  from  R/ D  (thus  allowing  a  smaller  D 
for  a  given  impedance)  and  also  significantly  enhanced  the  ion  efficiency  in  comparison  to  a  diode  with 
the  same  impedance  but  with  larger  D  and  full  anode  ion  emission.  The  computer  runs  confirmed  the 
impedance  decoupling  from  R/D  but  failed  to  detect  any^Significant  ion  efficiency  enhancement.  How¬ 
ever,  the  numerically  observed  ion  efficiency  of  the  diode  with  ion  suppression  and  small  D  does  agree 
with  the  experimental  results.  Furthermore,  the  simulation  suggests  a  possible  physical  mechanism 
whereby  the  true  magnitude  of  the  net  ion  current  could  have  been  partially  masked  in  the  'bench¬ 
mark"  (i.e.,  full  anode  ion  emission)  experiments  by  a  comoving  electron  current. 

II.  THE  DIODE  AND  ITS  NUMERICAL  MODEL 

The  actual  Gamble  II  experimental  diode  configuration  is  drawn  in  Figure  2.  For  the  discussions 
presented  later  in  this  report,  it  is  particularly  important  to  note  the  structure  of  the  inner  cathode 
assembly.  The  "target"  is  a  sheet  of  KIMFOL  stretched  over  an  inner  cylindrical  cathode  shank  of 
Tanias  2.25  cm.  Only  the  ions  flowing  within  that  radius  can  be  extracted  from  the  diode  and  counted 
in  the  experimental  {I^ij)\on  measurements.  For  ease  of  numerical  modeling,  the  actual  diode  of  Fig¬ 
ure  2  was  simplified  slightly  to  the  form  depicted  in  Figure  3.  The  anode  foil  radius  was  shortened 
from  about  6.0  cm  to  3.7  cm.  Since  that  is  still  almost  a  centimeter  larger  than  the  cathode  outer  radius 
the  electric  field  structure  along  the  electron-emitting  cathode  shank  and  along  the  anode’s  ion-emitting 
regions  opposite  the  cathode  shank  should  not  be  significantly  modified.  In  addition,  the  axially  bound¬ 
ing,  solid  cathode  and  anode  surfaces  are  taken  as  completely  planar  and  parallel.  The  front  surface  of 
the  cathode  "door*  (see  Figure  2)  coplanar  with  the  "target"  face.  Finally,  the  thickness  of  the  cathode 
shank  is  taken  as  0.35  cm  while  in  the  experiments  it  was  usually  0.25  cm.  The  extra  millimeter  allows 
for  somewhat  better  numerical  resolution  over  the  all-important  tip  of  the  shank  where  most  of  the  net 
electron  current  is  emitted.  Having  fixed  the  essential  geometry,  it  is  a  straightforward  process  to 
implement  the  numerical  model. 

NRL’s  DIODE2D  computer  code  was  employed  to  numerically  simulate  the  steady-state  operating 
conditions  for  this  diode  for  various  sets  of  parameters.  The  details  of  the  code  may  be  found  else¬ 
where.13  It  is  sufficient  here  to  point  out  that  DIODE2D  calculates  equilibrium  electric  and  magnetic 
field  strengths  over  an  NZ  x  NR  mesh  of  discrete  data  points  on  a  predetermined  computational  region 
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Fig.  2  —  The  high  impedance  Gamble  !1  test  diode  for  PBFA-! 
(courtesy  of  S.  J.  Stephanakis) 


corresponding  to  an  arbitrary  R  —  Z  planar  cross-section  passing  through  the  diode’s  centerline.  Com¬ 
plete  azimuthal  symmetry  is  assumed.  A  finite  number  of  macroeiectrons  and  macroprotons  having 
correct,  physical  charge-to-mass  ratios  are  advanced  timestep-by-timestep  across  the  mesh  in  a  rela- 
tivistically  covariant  manner.  A  self-consistent,  steady-state  solution  is  sought  both  for  field  structures 
as  well  as  for  particle  flows.  No  time-dependent  phenomena  are  actually  treated. 

The  physical  volume  simulated  by  the  DIODE2D  code  extends  radially  outward  from  the  central 
axis  to  a  distance  of  6.15  cm  in  the  vacuum  gap  and  axially  forward  from  the  plane  corresponding  to  the 
solid  cathode  face  out  to  the  opposing  plane  surface  of  the  solid  anode.  Since  it  presumes  azimuthal 
symmetry,  the  computer  code  only  deals  with  a  single  R  —  Z  planar  cross-section  extending  out  from 
the  centerline.  This  computational  region  is  presented  in  Figure  4.  The  grid  points  are  shown  as  dots 
and  correspond  to  the  centers  of  their  respective  rectangular  data  cells.  Counting  the  monolayer  of 
guard  cells  which  completely  surround  the  numerical  region  in  which  "particles"  are  "allowed,"  a  total  of 
(iVZ  +  2)  x  (NR  +  2)  -  66  x  125  «•  8,250  data  cells  are  used.  The  bottom  boundary  corresponds  to 
the  central  axis  (R  -  0)  of  the  diode.  The  right  boundary  corresponds  to  the  solid  anode  plane  and  is 
maintained  at  the  full  anode  potential,  K  The  left  boundary  is  kept  at  zero  voltage  since  it  represents 
the  solid  cathode  plane.  Finally,  the  upper  boundary  is  simply  a  source-free,  vacuum  interface  between 
what  may  be  loosely  described  as  the  "diode  region"  and  the  pulsed  power  transmission  line.  The  elec¬ 
trostatic  potential  is  therefore  graded  linearly  from  zero  to  V  along  that  upper  boundary.  Perfectly  con¬ 
ducting  cathode  and  anode  surfaces  are  included  in  the  computational  region  as  shown  in  Figure  4. 
Those  surfaces  are  treated  numerically  via  a  capacitance  matrix  technique  described  elsewhere.14  On 
the  order  of  104  macroeiectrons  and  104  macroprotons  participate  in  the  simulation  at  steady  state. 
These  macroparticles  are  emitted  at  their  respective  electrodes  along  the  heavy-lined  surfaces.  Axial 
currents  in  the  cathode  shank  and  in  the  anode  stalk  are  treated  rigorously  as  a  function  of  :  in  order  to 
ensure  an  accurate  distribution  of  Bg  throughout  the  diode.  The  results  of  these  numerical  simulations 
as  well  as  a  summary  of  the  conclusions  which  can  be  drawn  from  them  are  presented  in  the  following 
two  sections. 

III.  SIMULATION  RESULTS 

In  order  to  test  the  theorized  effects  of  selective  ion  emission  suppression  on  the  performance 
characteristics  of  the  diode  of  Figure  2,  three  specific  test  cases  were  simulated.  In  all  three  cases,  the 
diode  voltage  was  fixed  at  1.8  MV  in  accordance  with  the  capabilities  of  the  Gamble  II  machine.  Cases 
I  and  II  were  both  run  with  an  A  -K  (a.  ode-cathode)  gap  of  5  mm  just  as  shown  in  Figure  3.  Case  I 
corresponded  to  a  "benchmark"  run  .  <vhich  no  suppression  of  ion  emission  on  the  anode  foil  was 
attempted.  Protons  were  emitted  along  the  anode  mesh  from  cells  ( IZJR )  =  (48,  2)  through  (48,  65) 
just  as  indicated  by  the  heavy  line  in  Figure  4.  In  Case  II,  the  imposition  of  a  metal  foil  annulus  over 
the  outer  anode  face  was  simulated  by  shutting  off  ion  emission  beyond  cell  (48,  49).  Finally,  for  Case 
III,  the  restricted  ion  emission  was  retained  while  all  axial  dimensions  in  the  simulation  were  reduced 
by  a  factor  of  0.70.  This  changed  the  A  -K  gap  to  3.5  mm  and  reduced  the  diode  impedance  back  to  its 
value  in  Case  I.  The  detailed  results  of  these  simulations  are  as  follows. 

Case  l  was  run  4400  timesteps,  Ar,  of  1.5  x  I0~12  seconds  each  until  an  equilibrium  state  was 
reached.  In  order  to  determine  the  true  steady-state  values  of  the  quantities  of  interest  a  new  statistical 
technique  was  applied  to  the  numerical  data.  Specie  current  values  were  tabulated  at  intervals  of  25 Ar 
over  the  last  200  steps.  These  values  were  then  subjected  to  the  same  type  of  least  squares  error 
analysis  and  data  reduction  methods  as  is  normally  reserved  for  the  treatment  of  experimental  observa¬ 
tions.  The  details  of  this  new  computational  approach  are  presented  in  the  Append:x.  The  equilibrium 
ion  and  electron  currents  for  this  "benchmark"  case  were  230  ±  6  kA  and  147  ±  6  kA  respectively. 
Given  the  diode  voltage  of  1.8  MV,  this  yields  an  impedance  of  4.77  ±0.11  ohms  for  the  device,  well 
within  the  desired  operating  regime  of  4-5  fl.  The  net  ion  efficiency,  tj,  =  /j0n/ /diode  ““ 
W</io«  +  /electron)'  is  then  0.390  ±  0.016.  This  is  in  excellent  agreement  with  the  40%  ion  efficiency 
recently  reported15  for  a  numerical  simulation  of  a  2.0  MV,  4  ohm  PRD  (pinch-reflex  diode)  having  an 
R/D  of  7.58  compared  with  an  R/ D  of  6.0  for  this  run.  It  differs  significantly,  however  from  the  0.24 
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average  ion  efficiency  reported  from  a  series  of  Gamble  11  experimental  runs16  (see  Figure  5).  At  least 
part  of  this  discrepancy  between  the  numerical  and  experimental  results  can  be  explained  by  examining 
Figure  2.  The  location  of  the  I  set  Rogowski  coil  loop  in  the  experimental  set-up  shows  that  it  is 
measuring  only  that  portion  of  the  ion  current  which  hits  the  "target"  inside  the  cathode  shank.  Any 
ions  hitting  the  cathode  beyond  a  radius  of  2.25  cm  are  not  counted.  To  properly  compare  the  numeri¬ 
cal  results  to  the  experiment,  this  "effective"  ion  current  must  be  calculated.  Figures  6  and  7  present 
radial  profiles  of  the  emitted  and  collected  ion  current  densities  flowing  in  the  steady  state  diode. 
Integrated  from  these  profiles  are  not  only  the  total  ion  currents  but  also  the  effective  currents  falling 
within  R  *■*  2.25  cm  (indicated  by  the  dotted  tines).  This  shows  that  the  empirically  measured  number 
should  be  119  kA,  not  147  kA.  This  still  implies  an  ion  efficiency  of  0.316.  Although  much  closer  to 
the  experimental  data,  it  is  still  far  from  "good"  agreement.  A  more  complete  explanation  for  the  poor 
correlation  can  be  found  by  examining  the  nature  of  the  electron  currents  in  the  diode.  That  new 
phenomenon  will  be  discussed  after  the  numerical  results  for  Cases  11  and  III  are  presented. 

Having  completed  the  benchmark  run,  the  next  step  was  to  test  the  effect  of  restricted  ion  emis¬ 
sion  while  holding  all  other  diode  parameters  constant.  The  maximum  radius  for  ion  emission  along 
the  anode  foil  was  reduced  from  R  -  3.2  cm  to  R  -  2.4  cm.  Just  as  for  Case  I,  Case  II  was  run  to 
equilibrium  at  t  -  4400  timesteps.  At  that  point,  using  the  same  statistical  data  reduction  technique, 
the  currents  were  found  to  be  le  -  186  ±  3  kA  and  /,  -  83  ±  2  kA.  These  figures  imply  a  diode 
impedance  of  6.69  ±  0.08  ohms  and  a  net  ion  efficiency  of  0.309  ±  0.007.  As  expected,  the 
impedance  has  been  very  significantly  raised  in  spite  of  the  constant  A  -K  gap  size,  D  —  5  mm.  Once 
again,  to  correlate  the  ion  efficiency  to  the  experimental  results,  the  radial  profiles  of  the  emitted  and 
collected  ion  current  densities  are  presented  in  Figures  8  and  9.  An  effective  /,  of  79  kA  is  then 
observed  to  strike  within  the  "target"  radius  of  2.25  cm.  Interestingly  enough,  the  effective  ion 
efficiency  has  dropped  a  mere  two  percentage  points  to  (Tj,)ejf  —  0.294  in  spite  of  the  2  ohm  impedance 
rise. 


Finally,  for  Case  III  the  restricted  ion  emission  radius  of  2.4  cm  was  retained  while  the  gap  was 
reduced  from  5.0  to  3.5  mm.  The  observed  steady-state  diode  currents  were  It  -  247  ±  3  kA  and 
l,  -  130  ±  4  kA  yielding  an  impedance  of  4.77  ±  0.07  ohms  and  a  total  ion  efficiency  of 
0.345  ±  0.012.  Thus,  as  expected,  the  impedance  of  Case  I  has  been  restored  in  spite  of  the  decreased 
gap  size,  D.  Although  it  had  been  hoped  that  the  ion  efficiency  would  increase,  a  drop  of  almost  0.05 
was  instead  recorded.  Hopes  that  a  comparison  of  the  effective  ion  currents  would  be  more  optimistic 
were  likewise  disappointed.  Figures  10  and  11  record  the  corresponding  Case  III  ion  emission  and  col¬ 
lection  profiles.  They  show  that  the  effective  ion  current  is  119  kA  —  exactly  the  same  as  for  Case  I. 
Thus  the  simulations  of  Case  I  and  Case  III  share  identical  impedances  and  identical  efficiencies.  This 
is  in  sharp  contrast  with  the  experimental  data.  The  same  diode  as  modeled  in  Case  111  fired  28 
separate  times  on  Gamble  II  yielded  the  modified  efficiency  data  shown  in  Figure  12  (overlapped  with 
the  Case  1  data).  With  an  average  effective  ion  efficiency  of  0.34,  it  represents  a  clear  departure  from 
the  experimental  data  garnered  from  the  diode  without  emission  restriction  and  with  D  -  5.0  mm 
although  the  average  impedances  was  nearly  identical  for  the  two  cases.  On  the  other  hand,  the  Case 
III  efficiency  figure  of  0.34  is  in  reasonable  agreement  with  the  0.316  measured  numerically  for  both 
cases. 


As  previously  mentioned,  at  least  a  partial  explanation  for  the  disagreement  between  simulation 
and  experiment  may  rest  in  the  diode’s  electron  flow  patterns.  The  DIODE2D  computer  code  is  not 
electromagnetic;  rather,  it  is  electrostatic-magnetostatic.  Inductive  electric  fields  are  not  generated  by 
the  particle  currents  as  they  should  be  due  to  temporal  variations  in  B9.  This  limitation  allowed  sus¬ 
tained  electron  currents  of  huge  magnitude  to  arise  between  the  inside  cylindrical  surface  of  the  cathode 
shank  and  the  "target"  plane  inside  the  shank.  The  ability  of  the  ion  flow  in  a  diode  to  draw  in  elec¬ 
trons  to  neutralize  its  space  charge  is  well  established.17  How  this  neutralizing  fill  of  electron  charge 
maintains  itself  in  the  A  -K  gap  is  not  well  understood.  At  least  in  this  simulation,  part  of  that  charge  is 
constantly  replenished  by  the  cathode-to-cathode  electron  currents  herein  observed.  For  Case  I,  this 
electron  current  comoving  with  the  ions  hitting  the  "target"  region  has  a  magnitude  of  almost  200  kA. 
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For  Case  II  it  is  only  about  120  kA.  While  for  Case  III  it  increases  slightly  again  to  around  140  kA.  It 
is  probable  that  the  inclusion  of  a  physical,  inductive  £-fietd  would  greatly  reduce  the  size  of  those 
reverse  currents.  It  is  questionable  if  they  would  be  eliminated  entirely.  If  only  20  kA  of  electron 
current  were  left  comoving  with  the  ion  beam  in  the  detector  region  for  the  Case  I  numerical  simula¬ 
tion,  the  experimentally  recorded  efficiency  of  0.24  would  be  achieved.  It  thus  seems  quite  possible 
that  such  comoving  electrons  may  be  masking  some  of  the  true  ion  current  being  extracted  from  the 
diode  in  the  Case  I  Gamble  II  experiment.  This  theory  remains  to  be  tested.  Figures  13,  14,  and  15 
provide  plots  of  sample  electron  positions  (each  particle  carries  the  same  predetermined  amount  of 
charge)  for  the  equilibria  of  Cases  I.  II,  and  HI  respectively.  They  show  how  electron  space  charge  fills 
the  entire  interior  of  the  diode.  Unfortunately,  they  do  not  show  explicit  flow  patterns  inside  the 
cathode  radius.  One  thing  that  does  seem  clear  is  the  difference  in  cathode-tip-to-anode-foil  electron 
flow.  For  Case  I,  without  ion  emission  suppression,  the  ion  space  charge  in  the  gap  between  the  tip  and 
the  foil  allows  electrons  to  stream  almost  directly  across,  thus  illuminating  the  foil  face  out  to  about  3 
cm  with  significant  negative  space  charge.  Electrons  hugging  that  surface  out  to  large  radii  encourage 
enhanced  ion  emission.  On  the  other  hand.  Figures  14  and  15  show  that  elimination  of  the  ion  space 
charge  fill  near  the  cathode  tip  causes  much  of  the  electron  stream  there  to  pinch  radially  inward  early 
in  its  transit  of  the  gap.  Thus  the  mainstream  of  the  electron  flow  on  the  average  for  Cases  II  and  III 
stays  further  away  from  the  foil  face  than  in  Case  I.  This  reduces  expected  ion  emission  and  can 
apparently  reduce  the  ion  efficiency  benefits  of  decreasing  the  gap  size,  D. 

IV.  CONCLUSIONS 

From  the  results  summarized  in  Table  1,  one  may  conclude  that  selective  ion  emission  suppres¬ 
sion  definitely  allows  the  use  of  smaller  A -K  gaps  (therefore,  higher  R/D  ratios)  for  a  fixed  diode 
impedance.  This  can  be  beneficial  for  all  light  ion  beam  work  in  which  efficient  generator-to-diode 
power  transmission  dictates  a  high  diode  impedance  since  a  smaller  A-K  gap  means  that  the  ions  must 
spend  less  time  subject  to  the  trajectory-bending  effects  of  the  strong  electric  and  magnetic  fields  found 
in  the  diode.  The  resultant  impact  on  ion  beam  quality  is  illustrated  in  Figures  16,  17,  and  18  which 
plot  sample  proton  equilibrium  positions  for  Cases  I,  II,  and  III  respectively.  The  ions  are  emitted  only 
at  data  cell  centers  along  the  anode  face.  Thus  they  are  initially  spaced  out  evenly  in  coaxial,  laminar 
streams.  The  relative  smoothness  of  each  stream  may  be  followed  across  the  gap  by  tracing  from  point 
to  point.  Significantly  less  erratic  stream  behavior  is  observed  in  Figure  18  (Case  III)  with  its  3.5  mm 
gap  than  for  either  of  Cases  I  and  II  in  Figures  16  and  17.  Although  this  confirms  at  least  one  positive 
effect  of  partial  ion  emission  suppression,  the  simulations  did  not  show  any  decoupling  of  the  effective 
ion  production  efficiency  from  the  diode  impedance  as  was  found  in  the  corresponding  Gamble  II 
experiments.  Although  the  simulation  results  are  clouded  by  unrealistically  large  electron  currents 
comoving  with  the  ion  beam,  the  physical  existence  of  electron  currents  even  an  order-of-magnitude 
smaller  than  those  numerically  observed  would  be  sufficient  to  explain  the  discrepancy  between  experi¬ 
ment  and  simulation. 

Two  distinct  elements  of  follow-on  research  should  be  undertaken.  First  of  all,  the  simulations 
described  herein  should  be  repeated  using  a  fully  electromagnetic  computer  code.  The  PREMAS  com¬ 
puter  code  (the  successor  of  DIODE2D  at  NRL)  is  currently  being  upgraded  to  include  time  dependent 
electric  and  magnetic  field  solving  algorithms.  It  can  be  applied  to  this  problem  as  soon  as  that  coding 
and  debugging  is  complete.  Secondly,  an  experimental  diagnostic  technique  to  separate  out  the  pure 
ion  beam  current  from  any  comoving  electron  component  should  be  designed.  The  Gamble  II  runs 
could  then  be  repeated  with  such  a  new  diagnostic  in  place. 
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Table  1  —  Summary  of  Computational  Results 


(All  at  1,8  MV) 

D  = 

FULL  EMIT 

CASE  I 

5,0  MM 

PART  EMIT 

CASE  II 

D  =  3,5  MM 

PART  EMIT 

CASE  III 

1  electron^) 

230  +  6 

186  +  3 

247  +  3 

I  ion  <KA> 

147  +  6 

83  +  2 

130  +  4 

l  diode 

377  +  8 

269  +  3 

377  +  5 

•  ) 

c ion  net 

0,39  +  0,02 

0.31  +  0,01 

0,35  +  0.01 

^  ^ ion^ effective 

119 

79 

119 

('J  ) 

4  iony effective 

0.32 

1  0.29 

0.32 

Z  diode  (OHMS) 

4,77  +  0.11 

6.69  +  0.08 

4,77  +  0,07 

21 


PARTICLE  CLflSS=2  T=4400 

123.00 

107.62 

92.25 

76.87 

61.50 

48.13 

30.75 

15.37 

0.00 

0.00  16.00  32.00  48.00  84.00 


Fig.  16  —  Sample  steady-state  ion  plot  for  Case  I 
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Fig.  18  —  Sample  steady-state  ion  plot  for  Case  III 
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Appendix 

STATISTICAL  TREATMENT  OF  COMPUTATIONAL  DATA 

Whenever  numerical  predictions  extracted  from  computer  simulations  are  cited  in  the  literature 
they  are  almost  always  presented  without  any  indication  of  the  error  brackets  associated  with  those 
predictions.  Conventional  error  analysis  such  as  that  performed  routinely  for  experimental  data  is  tradi¬ 
tionally  ignored  by  many  computational  physicists.  When  one  analyzes  a  given  physical  system  using  a 
computer  simulation  code,  the  numerical  data  distilled  from  the  code  is  just  as  prone  to  systematic  and 
random  sampling  errors  as  that  gleaned  from  a  physical  experiment.  Programming  flaws  in  the  code  as 
well  as  physical  flaws  and  resolution  limits  in  the  simulation  model  will  introduce  systematic  errors  into 
the  resulting  data.  Similarly,  when  dealing  with  a  computer  code  which  attempts  to  find  the  steady-state 
operating  conditions  of  a  given  system,  periodic  sampling  of  the  parameters  of  interest  as  they  relax 
into  their  equilibrium  values  will  give  rise  to  random  errors  around  the  "true"  values.  Both  types  of 
errors  can  be  quantified  in  order  to  allow  an  outside  observer  to  know  how  much  weight  he  should  give 
to  the  computational  results. 

The  identification  and  minimization  of  gross  systematic  errors  contained  in  the  algorithms  of  a 
given  computer  code  is  normally  accomplished  once  and  for  all  before  a  given  code  is  accepted  for  use 
in  production  simulation  runs.  Careful  debugging  using  a  variety  of  standard  test  cases  can  eliminate 
numerical  deviations  from  true  physics  that  go  beyond  established  assumptions  for  the  systems  to  be 
modeled.  In  addition  to  computer  programming  bugs,  there  are  also  the  finite  resolution  limitations 
inherent  in  any  digitized  model.  Some  of  these,  such  as  standard  numerical  "round-off"  errors  can  be 
made  insignificant  through  clever  coding  of  the  numerical  algorithms.  Other  sources  of  error  such  as 
the  finite  number  of  spatial  data  points  and  the  finite  number  of  particles  used,  give  rise  to  actual 
"minimum  errors"  which  can  have  significant  sizes  compared  with  the  values  of  interest  and  which  can 
only  be  lowered  by  changing  the  numerical  parameters  or  by  rewriting  sections  of  the  computer  code 
itself.  Any  potential  user  of  the  simulation  results  must  rely  upon  the  professional  abilities  of  the  indi¬ 
vidual  computational  physicist  regarding  the  removal  of  all  "bugs"  from  his  code.  On  the  other  hand, 
the  user  must  be  aware  that  there  will  definitely  be  some  systematic  errors  due  to  numerical  discrete¬ 
ness. 


The  treatment  of  random  sampling  errors  is  less  a  question  of  computational  talents  then  of 
scientific  rigor.  Observationally  obtained  data  is  inherently  bracketed  by  error  bars.  Only  a  finite 
number  of  samples  of  data  can  be  obtained  from  a  given  system.  Like  its  physical  counterpart,  a 
numerical  system  cannot  be  truly  static.  It  will  oscillate  around  an  equilibrium  state  and  it  is  at  various 
points  on  these  "ripples"  that  the  diagnostic  data  is  output  from  the  program.  Therefore,  random  sam¬ 
pling  errors  must  occur  and  they  can  be  quantified  using  conventional,  statistical  treatments.  The  data 
reduced  for  presentation  in  this  report  may  be  used  to  illustrate  the  procedure.  The  major  macroscopic 
quantity  monitored  in  these  simulations  is  the  net  current  flowing  through  the  diode.  This  current  is 
made  up  of  an  electron  and  an  ion  component.  For  each  specie  component,  the  emitted  current  and 
the  collected  current  are  measured  separately.  Therefore,  there  are  four  "subcurrents"  that  are  directly 
monitored  and  must  be  analyzed  separately.  In  a  given  DIODE2D  simulation  run,  the  subcurrents  and 
net  charges  in  the  system  are  tallied  every  25  timesteps.  After  some  specific  "risetime"  is  passed,  these 
quantities  begin  to  oscillate  around  certain  plateau  values.  Such  behavior  signals  the  system’s  arrival  at 
an  equilibrium  state.  A;  that  point,  the  last  eight  subcurrent  data  values  spanning  the  last  200 
timesteps  are  reduced  to  arrive  at  approximate  steady  state  predictions  for  the  diode  being  modeled. 


25 


To  illustrate  the  data  reduction  procedure,  the  ion  current  of  Case  II  in  this  report  will  be 
analyzed.  The  last  eight  collected  ion  current  values  (25  \t  apart)  were  found  to  be  83,  81,  87,  84,  82, 
78,  93,  and  80  kA  respectively.  This  yields  a  mean  value,  </,co„>,  of  83.5  kA.  To  determine  the  ran¬ 
dom  sampling  error  associated  with  that  value,  the  mean  value  of  the  square,  </,Jco„  >,  is  found  to  be 
6991.5  kA2  from  which  the  variance, 

‘T’lcoll  ”  A  coll  —  <  A  cod>  2  (A.l) 


is  computed  to  be  4.387  kA.  The  standard  deviation  of  the  mean  of  the  given  eight  values  is  then  sim- 
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Thus,  on  the  basis  of  the  computer-supplied  data,  the  collected  ion  current  for  Case  II  can  be  written  as 

99  Tn  7wr  ic6  lT\  **“*?  the  same  manner’  the  last  ei«ht  fitted  ion  current  values  of  97, 
’  IU,  /J,  48,  85,  77,  and  /6  kA  reduce  to  a  steady-state  prediction  of  </(  >  -  83.4  ±  6.5  kA. 

The  much  larger  standard  deviation  stems  directly  from  the  higher  residuals  of"* each  data  point  with 
respect  to  .Petr  mean  value.  To  arrive  a  specific  prediction  for  the  net  equilibrium  ion  cirro. 

fhe  mfthhH  “n  0de'  the  *'el8h,'<1  av"18'  is  alts”  of  ‘he  emitted  and  collected  ion  currents  using 
the  method  of  least  squares  with  * 
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Applying  these  formulae  lead  to  the  result  quoted  in  the  text  of  this  report,  /lon  —  83  ±  2  kA 

diode  cu,,e'”s“Los!,mplyia  aPPUed  “  S"d  deC‘r0"  CU'"M  “d  error  brackeIS'  Tl“  «* 


^diode  ™  Aon  "b  A 


electron 


with 


(A.5) 


^ diode ^ m  ”  (^ion) m  4"  (o' electron (A. 6) 

‘his  q“nI"y  ”ows  thc  expressions  for  the  diode  impedance,  and  ion  produciion  efficiency  , 
For  the  impedance,  one  may  write  r  -  V/l^  where  Vis  the  consu.nl  diode  voltage.  The  standard 
deviation  from  the  mean  of  this  quantity  is  then  given  by 

-  (°-diode>m-  (A.7) 
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Smrilarly,  the  ion  production  efficiency,  Vl  -  /ion//diode,  has  a  standard  deviation  found  from  the  expres- 
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The  above  equations  summarize  the  error  analysis  which  flows  naturally 
numerical  data.  It  provides  a  simple  framework  for  the  statistically  valid 
computer  simulation  code  Results  for  diode  physics  research. 


(A. 8) 
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For  this  specific  problem  of  light  ion  diode  error  analysis,  another  element  of  statistical  analysis, 
namely  —  curve  fitting,  was  employed.  Its  purpose  was  to  obtain  the  best  possible  analytic  approxima¬ 
tion  for  the  radial  profile  of  the  ion  current  density  exiting  the  diode.  Such  an  explicit  representation 
for  J(r)  is  useful  particularly  for  theoreticians  attempting  to  model  the  transport  of  the  emerging  ion 
beam  away  from  the  diode  through  a  predetermined  transport  channel.18  19  Previous  simulations  have 
observed  an  approximate  inverse  proportionality  of  the  current  density  to  the  radius.20  A  functional 
form  of 

J(r)  -  Jq  +  a(r  -  r0)~'  (A.9) 

is  therefore  chosen  as  the  starting  point.  The  raw  data  of  averaged  ion  emission  and  collection  at  each 
mesh  point  in  the  /■-dimension  along  the  anode  and  cathode  respectively  are  first  plotted  as  single  points 
(see  Figures  6-11).  Then  a  curve  of  form  (A.9)  is  fitted  to  it.  In  order  to  obtain  that  curve,  the 
method  of  least  squares21  is  employed.  The  three  unknowns  in  the  equation  are  then  given  by 

I  J,r2  I  r,  I  J,r, 

j0  -  zr1  i  j,r,  n  i;f  (A. 10) 

I  J}r,  S  Ji  I  J,2 
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r0-D-'  Zr,  J/  I  J,r, 

ZJ,r,  ZJ,  £  J}r, 

Z  r,2  Z  J,r2  Z  J,r, 
a  -  Vo  +  Zr'  I  r,  Z  J,r,  Z  J, 

Z  J,r,  Z  J,r,  Z  J2 

where 

Zr,2  Zr,  I  J,r, 

D  -  I  r,  N  Z  J, 

Z  J,r,  1  Ji  Z  J2 

and  where  the  summations  are  from  /  -  1  to  /  -  N  {N  being  the  number  of  radial  data  points),  r,  is  the 
radius  of  the  */"th  point,  and  J,  is  the  observed  J(r,).  The  "goodness"  of  the  fit  of  the  data  to  the 
curve  thus  generated  can  be  gauged  by  comparing  the  root  mean  square  deviation  of  the  data  points 
from  the  curve  to  the  root  mean  square  deviation  of  those  same  points  from  their  average  value 
<J>  —  /V-1  I  J,.  The  resultant  "correlation  coefficient"  may  then  be  expressed  as22 

(A.l  1) 

It  should  be  noted  that  in  practice  some  care  must  be  exercised  in  the  application  of  (A.l  1)  to  the 
problem  in  question.  Near  r  -  0,  the  values  of  J  become  quite  large  so  that  deviations  from  the 
smoothed  fit  tend  to  be  exaggerated.  To  avoid  that  distortion,  the  data  at  r  -  rx  is  ignored  in  the  calcu¬ 
lation  of  (A.l  1)  as  presented  in  Figures  6  through  11. 
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OF  ELECTRON  AND  ION  FLOW  IN  PULSED  POWER  DICDES 
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A.  Stem! ieb,C'*  D.  Mosher  and  Shyke  A.  Goldstein,^ 
Plasma  Physics  Division 
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Washington,  D.C.  20375 

I.  INTRODUCTION 


Pulsed  power  diodes  have  recently  been  used  to  generate  intense  icn  beams 
with  power  levels  approaching  1.0  TW  [1]  .  As  discussed  in  the  papers  presented 
by  Drs.  Cooperstein  and  Mosher  in  this  conference,  these  beams  are  being  con¬ 
sidered  for  driving  inertial -confinement-fusion  pellets.  The  characteristics  of 
the  ion  beams  that  can  be  generated  are  important  in  determining  their  suitability 
for  focussing,  transport  and  axial  compression.  The  quality  of  the  beams  pro¬ 
duced  is  a  strong  function  of  the  detailed  flow  of  electrons  and  ion  in  the  diode 
itself  and  can  be  influenced  by  the  specific  geometry  of  the  diode  region.  Because 
the  behavior  of  diodes  is  a  complicated  nonlinear  problem,  numerical  simulation 
modeling  is  required.  Several  simulation  cedes  have  been  developed  and  used  to 
study  the  flow  of  electrons  and  ions  in  a  variety  of  devices  and  diode  loads. 

Using  a  one-dimensional ,  relativistic  P.I.C.  code,  the  time-dependent  behavior 
of  a  reflex  double  diode  has  been  studied.  The  important  feature  of  these  simula¬ 
tions  was  the  inclusion  of  a  lumped-element  model  of  the  generator  circuit  and 
its  coupling  to  the  particle  dynamics  through  the  diode  boundary  conditions  [2]  . 
The  results  of  this  investigation  are  presented  in  Section  II.  Modified  versions 
of  the  DICCE2D  electro-and  magneto-static '2  1/2-dimensional  (R,Z)  cede  with  rela¬ 
tivistic  dynamics  were  used  to  study  reflex  and  pinch-reflex  diode  configurations 
C  3]  .  We  describe  the  important  features  of  the  cede  in  Section  III  and  the 
results  of  simulations  in  Sections  IV  and  V  for  the  reflex  and  pinch-reflex 
configurations  respectively. 

II.  REFLEX  DOUBLE  DIODE 


In  order  to  understand  the  time-dependent  dynamics  of  ion  and  electron  flow 
in  a  reflex  double  diode,  it  is  necessary  to  describe  the  coupling  between  the 
power  generator  and  the  diode  itself.  A  o.ne-dimensicric:!  model  of  the  reflex 
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fluctuations  in  the  particle  emission. 

■  .  In  the  algorithm,  a  1-0  particle  in  cell  cede  is  coupled  in  series  to  the 
generator  circuit.  The  diode  current  is  advanced  in  time  as  dictated  by  the 
circuit  equation.  The  emitted  electron  and  ion  currents  are  found  from  the 
total  diode  current  and  the  absorbed  electron  and  ion  currents  in  such  a  way  that 
space-charge-1 imited  emission  is  enforced  for  both  species. 

This  algorithm  was  tested  on  a  simple  Child-Longmuir  diode  and  agreed  with 
the  well  known  solution.  The  circuit  equation  employed  was, 

-  l  C'ext  -  RG  1  '  V’ 

dt  Lg  . 

where  I  is  the  total  diode  current,  V  t  is  the  applied  voltage,  is  the  voltage 
drop  across  the  diode  electrodes,  (supplied  by  the  simulation  code),  and  Rg,  Lg 
are  lumped  impedance  and  inductance  of  the  generator, 

A  simulation  using  the  same  circuit  equation  but  a  double  reflex  diode  was 
run  for  a  number  of  cases.  Typical  results  are  shown  in  Figure  1,  which  contains 
the  I  and  Vg  vs.  time  characteristics.  In  this  case,  the  diode  voltage  rises 
very  rapidly  to  the  generator  voltage  of  600  kV  because  of  the  initial ly. high 
diode  impedance.  As  the  diode  current  rapidly  bootstraps  itself,  the  diode 
voltage  drops  and  a  near  steady  state  value  of  300  k V  is  achieved. 

* 

The  asympotic  diode  voltage  corresponds  to  an  electron  energy  which  would 
give  about  4  reflexings  in  the  polyethylene  foil  of  the  anode.  This  result  is  in 
good  agreement  with  both  the  theoretical  and  experimental  understanding  of 
double  reflex-diode  operation  in  1-0. 

III.  THE  0I00E2D  SIMULATION  COOE 


The  steady  state  flew  of  electrons  and  ions  in  a  diode  is  modeled  by  an 
electro-  and  magneto-static  particle-in-cell  simulation  cede.  Several  other 
groups,  most  notably  Poukey  and  Quintenz  at  Sandia  Laboratories ,  have  developed 
similar  codes  to  study  diode  problems.  The  important  features  of  the  code  re¬ 
ported  on  here  include: 


i)  A  fast  Poisson  solver  'which  calculates  the  electric  potential 
due  to  internal  changes  in  the  presence  of  complicated 
■  boundaries  and  external ly-appl ied  voltages. 


A  similar  solver  for  the  vector  potential  when 
induced  boar,  rotation  is  important  as  ':n  the  case 


self- 
cf  the 


reflex  died:  immersed  in  a  Bz  .magnetic  field  with  con¬ 
ducting  boundaries. 

iii)  Relativistic  treatment  of  the  particle  dynamics. 

iv)  The  introduction  of  temporal  and  spatial  smoothing  to 
reduce  the  noise  level  caused  by  the  use  of  a  finite 
number  of  simulation  macro  particles. 

v)  The  treatment  of  particle  scattering  in  the  reflexing 
foil  including  inelastic  energy  losses  and  angular 
scattering. 

vi )  A  wide  variety  of  diagnostics  to  help  in  the  interpre¬ 
tation  of  the  simulation  results. 

The  equations  that  are  solved  in  the  simulation  are: 


=  -  4mpi 


E  =  -  V<j>, 


where  p  is  the  charge  density  due  to  the  ions  and  electrons  in  the  diode.  The 
Poisson  equation  for  $  is  solved  in  difference  form  on  a  uniform  mesh  in  (R,Z) 
geometry  by  a  fast  Fourier  transform  in  Z  and  Gaussion  elimination  in  R.  The 
applied  voltages  are  imposed  through  boundary  conditions  on  <J>.  The  capacitive 
matrix  method  is  used  to  account  for  the  internal  diode  structure  (that  is, 
electrode  shapes  which  do  not  ccnform  to  the  mesh).  In  the  case  where,  an  external¬ 
ly  applied  axial  magnetic  field  is  present,  the  vector  potential  Aa  is  solved  for 


r2  C  V 


B  =  BQ  Z  +  V  x  A, 


where  J0  is  the  azimuthal  current  due  to  electrons  and  ions  is  the  diode. 
The  azimuthal  component  of  magnetic  field  is  solved  from  Amperes  Law. 
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The  electron  and  icn  equations  of  motion  are  advanced  using  the  Boris  pusher  [4] 
and  the  self  consistent  electric  and  magnetic  fields  as  described  above.  The 
field  quantities  used  for  the  particle  equations  of  motion  are  interpolated 
from  the  four  nearest  cell  points  and  the  current  and  charge  density  contri¬ 
butions  are  determined  by  the  inverse  process.  To  reduce  the  noise  le1.  1  due 
to  the  finite  number  of  particles  in  the  simulations,  local  averages  in  are 
taken  of  the  form: 


P'(*>V  =  a  ?(R,Zi_1)  +  (1  -  2a)p(R,7..)  +  c  p(* ^  ^ , 


wild  t  >.‘;e  mucA  i  rerers  to  a  particular  mesh  point.  The  coefficient  a  con  be 
varied  but  is  typically  set  to  a  •  1/4.  Since  a  steady  state  is  desired  , 
temporal  smoothing  is  also  included  to  reduce  fluctuations.  This  has  the  form: 


p'T+1  =  0-3)  pT+1  +  3  P,T 


where  the  primed  quantities  are  used  in  the  field  solvers  and  the  unprimed 
values  calculated  directly  from  the  particle  contributions.  The  charge  and 
current  density  are  both  averaged  in  this  way. 

The  particle  emission  is  assumed  to  be  space-charge  limited.  The  electric 
field  perpendicular  to  an  emission  surface  is  determined  from  the  Poisson  solver 
and  the  appropriate  amount  of  charge  introduced  in  the  cell  adjacent  to  the 
surface  to  reduce  that  field'  to  zero.  Poisson's  equation  is  then  resolved  with 
the  emitted  charge  contribution  before  any  further  particle  advancement.  In 
the  reflexing  foil,  energy  reduction  as  well  as  angular  scattering  is  included. 

Particle  energy  loss  in  the  foil  is  calculated  by  table  Ico.k  up  of  the 
range-energy  data  from  Spencer  [5]  using  the  length  of  the  path  traversed  in 
crossing  the  foil.  The  angular  scattering  is  implemented  in  a  Monte-Carlo  sense 
by  redirecting  the  exit  angle  of  a  particle  by  randomly  selecting  the  scatter 
angle  according  to  the  range  arid  energy  of  the  particle.  '  ' 

This  code  was  run  on  the  Texas  Instrunents-ASC  vector  computer  which  has 
a  cycle  time  of  40  nsec  per  operation.  The  code  was  fully  vectorized  and  used 
^  23  ysec  per  particle  push  per  time  step.  In  a  typical  simulation  we  used 
approximately  15,000  particles  and  mesh  sizes  ranging  from  32x40  to  as  large  as 
123x130.  The  code  car.  be  run  in  such  a  way  that  the  charge  attributed  to  the 
macrcparticles  is  variable. 


IV. .  REFLEX  DIODE  SIMULATIONS 


In  a  reflex  diode,  the  detailed  phencmer.cn  of  ion  emission  enhancement  by 
"bootstrapping"  due  to  the  electron  reflexing  is  not  well  understood.  The 
simulations  described  here  were  motivated  by  the  possibility  of  very  high  ion- 

C  O 

current  densities,  >  10  Amps/cm  ,  which  may  be  achieved  with  a  small  area  re¬ 
flex  diode  immersed  in  a  strong  axial  magnetic  field.  The  high  current  densities 
may  be  useful  for  beam-target  experiments.  Experimentally,  it  has  beer,  found 
that  electron  current  densities  as  high  as  Je  =  10  Amps/cm  can  be  achieved 
from  a  1.5  mm  diameter  red  cathode  in  reflex  geometry  [5], 


In  the  simulations  conducted,  it  was  found  that  the  bootstrapping 


diode.  If  coo  much  flux  was  permit-  „d  to  leave  the  diode,  so  that 

f  E*dA  =  Qq 

over  the  interior  region  cf  the  diode,  the  resulting  charge  imbalance  prevented 
bootstrapping.  If,  on  the  other  hand,  the  geometry  forced  near  charge  neutrality 
the  exponentiation  of  electron  and  ion  current  could  be  realized.  The  simulation 
results  for  a  geometry  in  which  bootstrapping  was  achieved  are  presented.  The 
diode  configuration  shewn  in  Figure  2  has  a  small -di are  ter  cathode  of  radius  0.1cm 
and  a  foil-cathode  spacing  of  0.1cm.  The  diode  geometry  was  specifically 
designed  to  exclude  as  little  flux  as  possible  from  the  interior..  A  125um 
polyethylene  foil  was  used  for  reflexing  the  electrons,  a  voltage  of  6 C C k V  was 
applied  to  the  diode,  and  a  uniform  external  field  of  3z  =  lOCkG  was  imposed. 

The  simulation  was  conducted  for  C.5nsec  to  determine  the  transient  response  of 
the  diode  currents.  The  peak  electron  and  ion  densities  generated  are  shewn  in 
table  below.  They  correspond  to  the  values  achieved  at  the  end  of  the  simulation 

run.  The  total  diode  current  was  7CkA  ’with  I.  =  2CkA  and  I  =  5CkA. 

i  e 


(Je)max 

(J^max 


emitted  (A/cm* 
1.25  x  107 

1.77  x  106 


absorbed  fA/cm") 
2.32  x  106 

4.83  x  106 


The  time  history  of  the  electron  and  ion  currents  is  shown  in  Figure  3.  It  can 
be  seen  that  the  electron  current  rises  mcnotonically  throughout  the  run  and  that 
the  ion  current  has  a  corresponding  increase.  The  ion  current  density  absorbed 
at  the  cathode  is  shown  in  Figure  4  and  has  a  peak  value  on  axis  of  n*  SMA/cm". 

It  appears  from  these  simulations  that  very  high  icn  current  densities  can  be 
generated  by 'such  reflex  diodes  at  modest  power  levels. 

V.  PINCH-REFLEX  DIODE  SIMULATIONS 


Recent  experiment-.!  and  theoretical  work  has  shewn  that  the  pinch-reflex 
diode  can  be  a  highly  efficient  source  of  ions  that  are  suitable  for  light  ion 
beam  fusion  applications.  The  enhanced  ion  currents  in  the  pinch-reflex  diode 
are  caused  by  an  increase  of  the  electron  lifetime  in  the  anode-cathode  gap  by 
taking  advantage  cf  the  high  aspect  ratio  punched  electron  flew  and  by  reflex¬ 
ing  of  electrons  that  would  otherwise  be  lost  because  they  cross  the  anode  at 
radii  greater  than  the  pinch  radius.  The  reflexing  is  cone  through  a  thin 
foil  placed  between  the  solid  anode  and  the  hollow,  high-aspect-rot io  ca  the do 


.and  is  caused  by  the  magnetic  field  due  to  the  total  diode  curre.no  which  runs  in 
irr'  axially  placed  rod  connecting  the  thin  foil  to  the  solid  ancce.  The  ions  that 
are  generated  on  the  cathode  side  of  the  thin  reflexing  foil  exit  the  diede 
through  a  transmission  foil  placed  across  the  inner  radius  of  the  hollow  cathode. 
To  focus  the  ion  beam  generated  by  this  diode,  it  is  desirable  to  have  the  racial 
velocity  profile  of  the  exiting  ions  directly  proportional  to  the  radius.  If  this 
condition  is  achieved,  then  all  of  the  ions  generated  will  have  the  same  focal 
point  if  the  ion  beam  is  current  neutralized  after  leaving  the  diode. 

We  have  conducted  simulations  of  electron  and  icn  flow  in  pinch-reflex 
diodes  using  the  configuration  shewn  in  Figure  5.  The  typical  diode  dimensions 
had  an  R/d  =  20  aspect  ratio  where  R  =  6.4cm  was  the  cuter  radius  of  the  hollow 
cathode  and  d  =  .32cm  the  separation  cf  cathode  from  the  anode  foil.  The 
thickness  of  the  cathode  shank  was  0.3cm.  The  scattering  foil  in  these 
calculations  was  assumed  to  be  1 25um  thick  polyethylene.  It  was  assumed  that 
the  region  between  the  reflexing  foil  and  the  solid  anode  was  filled  with  ions 
and  that  the  resulting  charge  neutralization  made  it  unnecessary  to  solve  for 
the  electrostatic  fields  in  that  region.  The  sequence  cf  events  for  a  simula¬ 
tion  at  1.5MeV  is  shown  in  Figures  6  and  7.  These  figures  shew  the  time  evolu¬ 
tion  for  a  simulation  done  on  a  32  x  40  mesh.  The  positions  of  the  electrons  are 

shown  in  (R,Z)  configuration  space  at  various  points  in  time.  Early  in  time 
(step  200),  the  electrons  (one  in  10  is  plotted  on  the  figure)  have  transited 
the  diode  and  reflexad  twice  through  the  foil.  By  time  step  4C0,  the 
electrons  have  reflexed  several  times  and  have  established  the  pinched  flow 
along  the  diode  side  of  the.  reflex ing  foil.  At  step  2000,  the  pinched  electron 
flow  is  well  established  and  the  electrons  fill  the  diode  gap.  At  the  conclusion 
of  the  run,  step  3300,  the  electron  flow  has  come  to  an  average  steady  state. 

The  corresponding  ion  positions  are  shewn  in  Figure  7.  At  step  400,  the  ions 
have  not  crossed  the  diode  gap  and  are  clumped  along  the  anode  foil.  As  can  be 
seen  at  step  1000,  the  ion  emission  occurs  in  filaments  with  a  separation  cf  two 
electron  Larmor  radii  corresponding  to  the  locations  where  electrons  reflex 
through  the  foil.  3y  step  2C00,  scattering  has  destroyed  the  coherent  electron 
clumps  at  the  foil  so  that  the  ion  emission  is  more  uniform.  At  the  end  of  the 

run,  the  icn  density  assumes  a  fairly  uniform  radial  profile  as  can  be  seen  from 

the  plot  of  particle  positions  at  step  3300.  The  ion  current  profile  arriving 
at  the  cathode  transmission  foil  is  shown  in  Figure  3.  Some  adjustment  cf  diode 
geometry  will  be  necessary  to  produce  a  more  uniform  current  flow. 


A. summary  of  the  simulations  carried  cut  fo: 
in  the  table  below. 


this  general  geometry  apnea: 
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The  simulations  were  all  for  R/d  =  20  and  the  same  position  of  transmission  and 
reflexing  foil  relative  to  the  cathode  face  as  shown  in  Figure  5.  The  simulation 
results  are  in  reasonable  agreement  with  the  NRL  experimental  data  for  R/d  =  20 
with  respect  to  total  ion  and  electrons  currents  [1].  The  geometry  was  signifi¬ 
cantly  different  and  so  it  is  difficult  to  make  a  more  concrete  statement.  The 
location  of  the  transmission  foil  is  further  removed  from  the  cathode  far  a  in 
the  experiments  and  this  may  have  an  effect  on  the  diode  behavior.  In  the 
simulations,  an  electron  current  of  n>200kA  is  seen  flowing  from  the  cathode 
shank  to  the  transmission  foil.  Changes  in  this  flow  with  the  cathode  foil 
moved  further  back  are  difficult  to  predict.  Further  simulations  that  are  closer 
to  the  actual  experimental  configurations  are  being  conducted  and  direct  com¬ 
parison  can  then  be  made  with  experiments. 
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Fig.  1.  Current  and  voltage  charac¬ 
teristics  of  a  double¬ 
reflex-diode  from  a  self- 
consistent  1-D  simulation. 


NET  CURRENTS 


so 


40 


30 


K A 


20 


10 


-  NET 


IONS 

T'JRNEO 

ON 

I 

l 

I 

i 


/ 


electrons  , 


y 

S  IONS 


/ 


6M  *:i 


:oo  i 4co 

TIME  STEP 


Fig.  2.  The  configuration  of  the 

reflex  geometry  used  in  the 
simulation.  The  simulation 
was  done  on  a  128*50  mesh 
with  a  -l 0000  par...les 
and  AT  =  0.25x10”^ 3  sec. 


Fig.  3.  Time  history  of  the  ion  and 
electron  current  in  the  re¬ 
flex  diode  shewing  "boot¬ 
strapping." 
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Fig.  4.  The  ion  current  density  pro- 
file  at  the  cathode.  The 
total  current  was  ~20kA. 


PINCH  REFLEX  DIODE 

scattering 


Fig.  5.  Configuration  used  for 

pinch-reflex-diode  simula¬ 
tions  showing  equi potential 
lines  due  to  applied  volt¬ 
age  of  1.5  MeV.  Simulation 
was  done  on  a  32*40  mesh 
with  *"15000  particles, 

M  =  5>^1 0  ^  sec  and 
fyMe  =  1837. 


Fig.  8.  The  current  profile  of  ions 
arriving  at  the  trans¬ 
mission  foil  in  radial  seg¬ 
ments  of  0.2cm.  Total  ion 
current  was  370kA. 
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ELECTRON  POSITIONS 


T  •  2200 


rig-  6.  Time  history  of  the  elec¬ 
tron  positions  of  the 
diode.  One  in  ten  is 
plotted  on  these  graphs. 
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The  tins  history  of  the  io 
positions  in  the  pinch- 
reflex  diode  corresponding 
to  the  electron  history  in 
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paper. 
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Abstract 

PROGRESS  AT  NRL  AND  CORNELL  IN  LIGHT  ION  BEAM  RESEARCH  FOR  INERTIAL- 
CONFINEMENT  FUSION. 

Proof-of-principie  and  scaling  experiments  for  light-ion-driven  mertiai-connnement 
fusion  are  in  progress  at  NRL.  Important  advances  have  been  made  m  the  areas  of  ion  pro¬ 
duction  with  pinch-reflex  diodes  and  of  beam  focusing  and  transport.  At  Cornell. 

Light-ion  beams  of  Li"1,  B"1  and  C*1  have  been  produced  and  work  on  producing  low- 
divergence  ion  beams  has  progressed. 


1.  INTRODUCTION 


Proof-o£-principal  and  scaling  experiments  for  light-ion- 
driven  inertial -confinement  fusion  are  in  progress  using 
generators  'which  are  appropriate  for  use  as  ignition-system 
modules.  Intense  beams  extracted  from  ion  diodes  already  have 
particle  energies,  currents  and  pulse  durations  which  could 
satisfy  system  requirements  related  to  ion  production,  focusing 
and  transport  to  an  ICE  target  Li]-  Recent  results  in  light- 
ion-beam  research  at  NRL  and  Cornell  are  summarized  below. 
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FIG.l.  Conceptual  scnemanc  of  VRf.  light-inn  inertial-confinement  fusion  approacn. 


centimeters  to  the  pellet  with  low  divergence  because  of  the 
small  transverse  velocity.  Several  ion  beams  can  then  be 
overlapped  onto  the  pellet. 

2.1.  Ion  Production 

In  the  most  recent  positive  polarity  experiments  ^  2~  on 
upgraded  .3]  GA2G3HS  XI  at  1.3  TW,  v  60%  conversion  efficiency 
from  generator  power  to  ion  power  was  achieved  using  a  planar 
version  of  the  curved  pinch-reflex  ion  diode  schematically 
illustrated  in  Fig.  1.  A  thin  CHj  foil  stretched  across  a 
dielectric  ring  is  electrically  connected  to  the  positive 
electrode  by  a  1-cm-diameter  rod  on  the  diode  axis.  Plasma 
formation  due  to  surface  flashover  causes  the  plastic  foil  to 
become  a  conductor  early  in  the  pulse  and  provides  a  source 
of  ions.  This  geometry  enhances  ion  emission  by  increasing 
the  electron  path  length  (and  therefore  lifetime!  relative  to 
that  of  ions  by  forcing  the  electrons  to  reflex  through  the 
thin  foil  as  they  pinch  in  radially.  This  reflexing  in  the 
vacuum  gap  behind  the  foil  is  due  to  the  azimuthal  self- 
magnetic  field  caused  by  the  return-current  flow  thrcugn  the 
center  conductor.  In  front  of  the  foil,  the  electrons  reflex 
in  the  self-consistent  diode  fields.  The  ions  that  are  pro¬ 
duced  on  the  back  of  the  anode  foil  do  not  carry  diode  current 
because  the  back  plate  is  at  anode  potential.  Results  of  the 
numerical  simulation  of  this  diode  configuration  are  discussed 
elsewhere  <.4.,. 

Typical  diode  electrical  characteristics  on  GAMBIA  II 
shown  in  Fig.  2a  for  a  6 -cm  cathode  radius,  a  C.4-cm  anode- 
cathode  gap  spacing,  and  a  0.5-cm  vacuum  gap  behind  the 
0.01-cm  CK2  anode  foil.  Ion  currents  of  0.5  MA  have  been 
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FIG. 2.  Diode  electrical  characteristics  for  Gamble  II  and  Pithon. 


Measured  with  0.9-MA  total  diode  currents.  This  corresponds 
to  an  average  source- ion  current  density  cf  5  kA/cm2.  The  net 
current  signal  (the  current  entering  the  cathode  foil)  is 
interpreted  as  the  total  ion  current  flowing  in  the  anode- 
cathode  gap.  The  location  of  the  Rogowski  coil  used  to  make 
this  Measurement  is  illustrated  in  Fig.  3. 

In  other  ion  production  experiments  i.5],  a  pinch-reflex 
ion  diode  similar  to  that  used  on  GAMBLE  II  was  successfully 
operated  at  3  TW  on  the  Physics  International  PITHCN  generator. 
The  main  difference  between  the  geometry  used  on  GAMBLE  II  and 
that  used  on  PITHCN  was  that  PITHCN  presently  only  operates  in 
the  negative  polarity  mode.  Deuteron-current  measurements 
were  made  in  the  conventional  manner  by  coating  the  anode  foil 
with  CD 2  and  using  both  nuclear  activation  and  neutron  time- 
of-flight  detectors  to  detect  the  neutrons  produced  from  a 
greater  than  one-range-thick  CD2  target  placed  behind  the 
cathode . 

Typical  diode  electrical  characteristics  on  PITHON  are 
shown  in  Fig.  2b  for  a  5- cm  cathode  radius,  a  0.3- cm  anode- 
cathode  gap  spacing,  and  a  0.5 -cm  vacuum  gap  behind  the 
0.01-cm  CK£  anode  foil.  Peak  diode  voltages  of  2  MV  at  1.5-MA 
diode  current  were  obtained  with  flat  impedance  behavior  even 
though  the  pulse  length  was  almost  twice  as  long  as  that  on 
GAMBLE  II.  Ion  currents  of  up  to  1  MA  were  obtained  corres¬ 
ponding  to  peak  ion  powers  approaching  2  TW.  Over  100  kJ 
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Shcdow  Box  Experiment 


FIC.3.  Geometric  focus  geometry  showing  ion  current  monitor  and  ion  pinhole  shadow  box. 


of  icns  were  produced  out  of  just  over  200  kJ  of  electrical 
energy  delivered  to  the  diode .  Impedance  control  and  electri¬ 
cal  reproducibility  were  excellent.  When  deuterons  were 
produced,  the  neutron  yield  approached  1C1'  from  the  D-D  and 
D-carbon  reaction  occurring  in  the  CD?  target.  These  results 
demonstrate  that  oinc'n-rsflex  ion  diodes  can  successfully  be 
operated  at  higher  voltages  and  currents  as  well  as  longer 
pulse  lengths. 

The  voltage  and  ion  currents  produced  on  PITHCN  are  in 
the  range  required  for  a  single  module  of  a  multi-module 
pellet  ignition  system.  The  long  impedance  lifetimes  ar.d  high 
reproducibility  associated  with  the  u  i-cm  gaps  between  the 
anode  and  cathode  transmission  foils  indicate  that  programmed- 
voltage  waveforms  for  beam  bunching  during  transport  can  be 
employed.  Focus -perturbing  effects  associated  with  tine- 
varying  3g  fields  in  the  diode  region  can  be  controlled  for 
these  u  i_cm  diode  gaps  by  electrode  shaping  and  naturally 
occurring  gap  closure  1.6  j. 

An  ion  diode  has  recently  been  installed  on  one  am  of  the 
AURORA  accelerator  at  KDL.  First  experiments  have  been  per¬ 
formed  at  the  1.3-TW  level  1/3  available  power  for  one  am) 
and  have  produced  50  kJ  of  5-M.eV  protons  •_  .  About  101’ 
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neutrons  per  shot  were  observed  when  the  v  70-kA,  14C-ns-dura- 
tion  proton  beam  was  incident  on  a  thick  bid  target.  The 
diode  consisted  of  a  13-cm-diameter  cylindrical  cathode 
separated  from  a  polyethylene  anode  by  t  5  cm  in  a  pinch-reflex 
diode  configuration.  The  diode  impedance  during  ion  accelera¬ 
tion  was  v  25  ohms.  Ion  production  efficiency  was  v  30%.  This 
high  efficiency  (v  7  times  bipolar  flew)  appears  to  be  the  re¬ 
sult  of  electron-orbit  lengthening  due  to  73  drifts  when  the 
total  diode  current  exceeds  the  Aifv^r.  current. 

These  experiments  represent  an  effort  to  scale  results  on 
lower-impedance  machines  (GAi'SUF  II  and  RITKCN)  to  higher 
-voltage  and  -impedance  diodes  at  high  beam  energy  levels. 
Although  the  ion  efficiencies  are  less  than  on  lower-impedance 
machines,  the  "stiffer"  high-voltage  beam  can  be  ballistically 
focused  to  smaller  spot  sizes  in  long  focal-length  geometries. 
Initial  pulsed-power  investigations  on  the  AURORA  accelerator 
show  that  the  positive-polarity  operation  required  for  beam 
transport  is  practical.  Additional  energy  may  be  obtained  by 
overlapping  ion  beams  from  the  four  arms  of  AURORA. 

2.2.  Beam  Focusing 

In  order  to  achieve  high  ion  current  densities,  a  0.025-cm- 
thick  spherical-section  plastic  anode  foil  with  a  12. 7- cm 
radius  of  curvature  was  used  on  GAhBL £  II  as  shown  in  Fig.  3. 

In  this  short- focal-length  geometry,  the  ion  launch  angle  at 
the  anode  exceeds  the  magnetic  deflection  in  the  diode.  Focal 
spot  broadening  due  to  radial-  and  temporal-field  affects  is 
thus  minimized.  When  the  anode  was  coated  with  CDj,  the 
observed  focus  was  close  to  the  geometric  focus .  3v  using 
small  CD;  targets  and  measuring  neutrons  from  D-D  and  D-carbon 
reactions  with  activation  counters  and  time-cf- flight  detec¬ 
tors,  peak  deuteron  current  densities  of  about  3C0  <A/cm-  were 
inferred.  Typical  neutron  yields  were  a  fraction  of  10 12 
neutrons  from  0.5-1  cm^  targets. 

Important  new  experimental  results  for  focusing  are  pro¬ 
vided  by  a  pinhole  shadowbex  diagnostic  shown  in  Fig.  3.  Small 
ion  beamlets  are  produced  by  masking  off  all  of  the  beam 
drifting  in  the  neutralizing  background  except  for  that  protion 
emerging  through  1-mm-diameter  holes  placed  along  two  diameters 
at  right  angles.  When  the  shadowbox  is  placed  further  from  the 
diode  than  the  center  of  the  ion  focus,  these  orbits  can  be 
projected  from  the  damage  spots  back  through  the  pinhole  to  the 
focus  and  then  to  the  anode  plane.  The  radial  extent  (typi¬ 
cally  a  few  millimeters)  of  each  damage  pattern  reflects  the 
time-variation  of  deflection  angle  due  to  time-varying  diode 
fields.  The  significantly  smaller  observed  azimuthal  extent 
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of  damage  compared  with  the  radial  extent  of  damage  suggests 
that  with  proper  aspheric  ar.ode  and  cathode  shapes,  focusing 
of  ion  beams  to  areas  much  less  than  the  present  1-3  cm-  should 
be  possible. 

For  the  present  ion  transport  experiments  or.  GA.M3LZ  II, 
the  planar,  pinch-reflex  diode  configuration  previously  dis¬ 
cussed  was  used  to  bring  a  2.5-MA,  1.4- MV  proton  beam  to  a 
narrow-angle  focus  30  kA/cm-)  20-30  cm  downstream  from  the 
diode  w3,9,.  The  long  focal  length  was  achieved  by  magnetic 
self-focusing  acting  alone  in  the  diode  gap  in  the  flat-anode 
geometry.  This  configuration  was  employed  to  ir.pect  ions  into 
the  transport  channel  since  larger-ar.gle  in3eccion  required 
excessive  transport-channel  currents. 


2.3.  3eam  Transtort 


The  transport  section  consisted  of  a  copper  pipe  con¬ 
taining  an  insulating  ceramic  liner  filled  to  the  0.2-2  torr 
air  background  pressure  of  the  focusing-dnf t  section.  The 
inside  diameter  of  the  ceramic  liner  defines  the  diameter  of 
the  wall-stabilized  discharge.  Discharge- channel  diameters  of 
I. 5-4. 3  cm  were  employed.  The  discharge  current  rose  to  about 
30  kA  in  less  than  1  usee  after  which  time  the  ion  beam  was 
injected  into  the  channel.  This  channel  current  was  enough  to 
provide  radial  confinement  for  ions  entering  the  channel  with 
the  maximum  1C°  angle.  Measurements  of  transport  efficiency 
were  provided  by  diagnosis  of  S-MeV  gamma  rays  produced  by  the 
interaction  of  beam  protons  with  fluorine  _  .  Collimated 

scintillator-photomultiplier  detectors  were  used  to  detect  the 
gamma  rays  produced  in  50%-transparent  Teflon  screens  placed  at 
the  entrance  and  exit  apertures  of  the  transport  system. 

The  results  of  the  analysis  of  the  prompt  v- signals  indi¬ 
cate  that  100-kA-level  beams  were  transported  over  1  meter 
distances  with  5C  to  30%  efficiencies.  The  calculated  effi¬ 
ciencies  have  large  uncertainties  associated  with  unknown  ion 
energy  losses  occurring  in  the  diode,  focusing  and  transport 
sections . 

Theoretical  analysis  of  the  plasma  response  to  beam 
passage  using  a  MKD  code  indicates  that  the  channel  plasma 
density  must  be^j  10*'  nucleons/cm'  in  order  to  prevent  exces¬ 
sive  channel  J*3  force  expansion  during  beam  passage  _10’.  Ion 
energy  loss  due  to  the  stopping  power  of  the  p2 asms  sets  the 
upper  limit  on  the  plasma  density.  Additional  ion  energy 
losses  occur  in  the  electric  field  generated  by  return  currents 
and  plasma  expansion  although  such  losses  may  be  reduced  cr 
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ever,  converted  into  an  energy  gain  by  injecting  the  team  into 
an  imploding  channel  _  11.  .  In  expanding  channels,  the  trans¬ 
portable  bean  current  is  limited  to  under  1  MA  tor  each  arm 
of  a  modular  system  unless  a  large r-diame ter  channel  followed 
by  a  final-focussing  stage  is  employed  .12..  These  considera¬ 
tions  combined  with  pellet  requirements  set  a  1  wer  limit  on 
the  number  of  modules  _l,2j. 

Other  theoretical  considerations  .13.  show  that  small 
electric  fields  and  modifications  of  the  radial  profile  of  3. 
produced  by  beam  passage  do  not  seriously  affect  beam  bunching. 
Analysis  also  shews  that  growth  of  sausage-like  modes  in  the 
channel  do  not  seriously  affect  beam  transport  and  that 
velocity  space  instabilities  are  either  quenched  by  collisions! 
effects  or  do  not  grow  to  levels  which  will  inhibit  good  beam 
transport.  Further  theoretical  analysis  is  underway. 


3.  CORNELL  ION  BEAM  ICE  PROGRAM 


Ion  beam  ICE  research  at  Cornell  has  been  concerned 
recently  with  the  generation  of  ion  beams  other  than  protons, 
and  with  studies  of  ion  beam  divergence  both  in  magnetically 
insulated  ion  diodes  and  dur_r.g  beam  propagation.  Some  experi¬ 
ments  ar.d  theoretical  modeling  which  address  these  topics  are 
described  below. 

3.1.  Generation  of  Li*1,  3*^  ar.d  C-1  3eams 


Most  intense  light- ion-beam  work  to  data  has  involved 
proton  or  deuteron  beams.  The  anode  in  such  work  is  typically 
a  hydrocarbon  plastic.  It  has  been  suggested  that  heavier 
ions,  such  as  Li  or  C,  should  be  superior  to  protons  as  light- 
ion  ICE  drivers  because  of  their  substantially  higher  specific 
energy  deposition  than  protons  of  comparable  energy  ,14.. 
Lithium  ionization  potentials  are  such  that  it  is  likely  to 
exist  as  a  pure  singly-charged  species  in  an  anode  plasma, 
whereas  it  may  be  that  C1"*  can  be  made  the  principal  species 
in  a  carbon  beam.  This  raises  the  possibility  of  an  3-MeV  C+u 
beam  using  the  2- MV  PBEA  I  accelerator  now  nearing  completion, 
and  16  MeV  using  the  4- MV  PBEA  II  acceleracor  scheduled  for 
operation  in  the  middle  1930' s. 

In  recent  exploratory  experiments,  20C-30C  keV  beams  which 
were  predominantly  Li+l,  3+1*  and  C+*  were  produced  using 
lithium  fluoride  (LiE) ,  boron  nitride  (3N)  and  Teflon  ((CE2)n), 
respectively,  as  the  anode  plasma  source  in  a  magnetically 
insulated  (MI)  diode.  The  diode  used  for  these  experiments  is 
of  the  type  described  by  Maechen  et  al.  .15..  Briefly,  it 
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has  a  concentric  "racetrack"  design  with  the  anode  inside  the 
cathode.  One  flat  side  of  the  anode  has  the  anode  plasr-a- 
source  material  mounted  on  it  opposite  a  set  of  extraction 
slots  in  the  cathode.  The  cathode  serves  as  a  single- turn 
coil  to  provide  the  magnetic  insulation.  The  diode  is  driven 
directly  by  a  Marx  generator  providing  bean  pulses  which  are 
typically  200-300  nsec  wide  with  a  diode  gap  spacing  of  4  mm. 
Current  densities  and  species  determinations  with  the  different 
anodes  were  made  using  magnetically  insulated,  biased  Faraday 
cups  with  and  without  2 -urn  mylar  "filters",  magnetic  mass 
spectroscopy  combined  with  time-of -flight  analysis,  and 
secondary  ion  mass  spectroscopy.  The  results  indicated  that 
beams  consisting  of  (74  r  10)%  Li*1’,  (72  c  14)%  B+1-,  and 
(86  i  3)%  C+-  were  produced  using  the  Lif,  3N  and  ( C?i)~ 
anodes,  respectively.  The  balance  of  these  40-60  A/cm2  beams 
was  protons,  apparently  from  hydrocarbons  due  to  the  diffusion 
pump  oil  in  the  system.  For  reference  when  a  polyethylene 
( (CHi ) «)  anode  is  used,  50-30%  of  the  extracted  beam  is  pro¬ 
tons  and  the  remainder  is  C+*.  For  further  details  of  these 
experiments,  see  Ref.  16. 


3.2.  Beam  Divergence  Studies 

In  any  intense  ion  beam  for  use  as  an  IC5  driver,  an 
important  parameter  for  determining  how  well  the  beam  can  be 
focused  is  j/'lS2.  Here  j  is  the  current  density  which  must  be 
maximized,  and  19  is  the  beam  divergency  angle  which  must  be 
minimized.  Experiments  on  two  different  generators  have 
achieved  proton  beam  divergence  angles  of  2h°  c  t°  at 
200-300  keV  and  S  1°  at  500-600  keV  in  magnetically  insulated 
diodes  operating  at  >  100  A/ cm2.  In  the  lower  voltage  experi¬ 
ment,  which  used  the  diode  described  in  Sec.  3.1,  it  was 
demonstrated  that  the  anode  configuration  as  represented  by  the 
type  and  thickness  of  the  plastic,  and  the  configuration  of 
holes  used  to  induce  surface  flashover,  affected  both  the 
divergence  angle  and  the  current  density.  Divergence  angles  as 
low  as  2°  were  measured,  using  several  Faraday  cups  and  many 
pulses  to  obtain  a  currant  density  profile  of  a  propagating 
beamlet  obtained  by  masking  the  cathode.  In  the  higher  voltage 
experiment,  a  similar  diode  using  a  virtual  cathode  formed  by 
metal  vanes  inserted  into  the  diode  gap  was  used  L17j,  3y 
appropriate  adjustment  of  the  vanes,  a  uniform  >  200  A/cm2, 
beam  was  produced.  A  divergence  angle  of  ^  1°  was  estimated 
by  placing  a  screen  mesh  consisting  of  0 . 33 -mm  wires  in  the 
beam  path  a  distance  of  10  cm  from  the  cathode  and  observing 
the  shadow  of  tae  screen  in  damage  produced  on  aluminum  1.3  cm 
further  downstream. 
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In  a  MI  diode  the  ion  beam  is  extracted  through  a  drift 
space  formed  by  slots  in  the  cathode.  Prompt  charge  neutrali¬ 
zation  by  electrons  is  necessary  to  prevent  beam  expansion.  In 
practice  this  occurs  by  (i)  secondary  electron  emission  from 
the  side  walls  through  ion  bombardment  and  (ii)  by  extraction 
of  electrons  from  the  magnetized  layer  of  electrons  near  the 
cathode.  For  successful  space-charge  neutralization  1 13~  the 
wall-emitted  electrons  are  the mail zed ,  probably  by  micro- 
instabilities,  and  electron  extraction  from  the  magnetized 
layer  is  possible  only  if  the  magnetic  field  3  drops  off  such 
that  the  axial  potential  gradient  !di/dx(  >3.  In  any  event, 
a  space -charge  potential  e$0  a  2meul  builds  up  in  the 
sheath  [19]  near  the  beam  exit  region  to  accelerate  electrons. 

In  a  magnetic  field- free  region  the  electrons  have  a  mean 
velocity  approximately  equal  to  the  beam  velocity  and  thermal 
velocity  of  the  same  order.  When  beams  propagate  across  a 
magnetic  field  and  space-charge  neutralization  from  surrounding 
walls  is  inadequate,  the  electrons  can  acquire  much  higher 
thermal  energy  u202.  At  a  minimum, the  ions  are  deflected  in  the 
direction  transverse  to  propagation  by  e$  \  2meu7  so  that  the 
minimum  divergence  of  the  beam  after  propagating  a  distance 
^  aQ  (nij/Zm^)  ^  is  19  v  a ( Zme/m^ ) 15 ,  where  i  is  of  order  -unity  and 
a0  is  the  initial  beam  radius . 

Experiments  have  been  performed  using  an  "Applied  3g-dicde" 
^2l]  as  a  beam  source  in  which  a  weakly  focusing  2-10  kA,  300-keV 
proton  beam  is  propagated  over  distances  up  to  40  cm  in  vacuum  or 
low  pressure  (0.1  torr)  helium  gas.  From  the  observed  beam-ion 
flux  density  profiles  as  a  function  of  axial  distance,  we  conclude 
that  it  is  charged  neutralized.  Measurement  by  Rowgowski  loops 
show  that  the  net  current  during  the  beam  pulse  was  less  than  5%. 
Severe  beam  distortion  is  observed  when  the  beam  is  a  thin  1  cm) 
annulus.  Substantial  beam  spreading  is  observed  when  the  full  lQ-'x 
5- cm  annular  thickness  beam  is  propagated,  as  compared  tc 
1. 25-cm-thick  2-kA  annular  sections  of  the  beam. 

Studies  in  all  of  these  areas  are  continuing. 
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DISCUSSION 

J.P.  WATTEAU  (Chairman) :  Does  pressure  nave  any  effect  on  the  ion- 
beam  transport  through  the  channel? 

G.  COOPERSTEIN:  For  the  present  experiments,  which  have  total  ion 
currents  of  -  100  k.A  at  current  densities  of  -  SO  kA  ■  cm‘:,  the  transport 
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efficiency  appears  to  be  independent  of  pressure  from  0.5  to  2.0  torr.  However, 
channel  hydrodynamic  response  calculations  indicate  difficulties  in  transporting 
ion  beams  much  in  excess  of  1  MA  •  cm*3.  We  shall  have  to  wait  for  experiments 
at  higher  current  densities  in  order  to  obsen/e  the  effect  of  the  pressure.  It  is 
calculated  that  for  transport  of  1  MA  of  protons  in  hydrogen  the  density  ( n,) 
should  beU—  3)  X  1018cm*3. 
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ABSTRACT 

Light-ion  ICF  requires  the  development  of  diodes  which  can 
efficiently  produce  high-brightness  ion  beams,  and  wh-'ch  can  aim  the  ions 
in  a  narrow  cone  towards  a  cm-diameter  fusion  target  or  transport- 
channel.  Since  candidate  ion  species  span  protons  to  carbon  ions,  diode 
behavior  must  be  studied  in  a  range  of  acceleration  voltages  (2-8  MV)  and 
impendances  (1-10  a)  .  NRL  has  developed  a  broad  experimental  data  base 
using  pinch-reflex  diodes  (PRD)  on  a  variety  of  generators  to  address  the 
issues  of  ion  production  efficiency  and  beam  brightness. 

I.  INTRODUCTION 

At  the  last  meeting  of  this  conference  [1]  we  reported  on  12  cm 
diameter  PRDs  used  on  the  NRL  Gamble  II  generator  to  produce  over  700  kA 
of  protons  at  1.3  MeV  and  to  focus  0.5  TW  deuteron  beams  to  about  300 
kA/cm.  A  summary  of  our  main  PRD  results  since  that  meeting  follows. 
High-power  (~  3  TW),  low-impedance  (~  1  ?.)  ion-diode  behavior  was  studied 
on  the  PITH0M  generator  in  collaboration  with  Physics  International  Co. 
Greater  than  100  kJ  of  protons  or  deuterons  were  produced  with  60-70* 
efficiency  at  ion  powers  approaching  2  TW  using  a  12-an  diameter  PRD 

[2] .  The  evolution  of  the  electrode  plasmas  in  the  presence  of  high  diode 
self-magnetic  fields  was  measured  on  PITHON  using  four  channel  holography 

[3] .  The  scaling  of  PRO  behavior  to  high-voltage  (~  5  MV)  and  high- 
impedance  (5-20  a  )  operation  is  being  studied  on  the  AURORA  generator  in 
col laboration  with  Harry  Diamond  Laboratory.  Experiments  performed  on  one 
arm  of  AURORA  yielded  60  kA  of  5  MeV  protons  from  a  20  a  PRD  [4],  These 
experiments  are  continuing  in  positive  polarity  on  one  arm  that  has  been 
modified  [5]  to  maximize  po wer  flow  and  ion  efficiency  at  a  lower  diode 
impedance  (5-10  n  ).  Experiments  designed  to  study  PRD  operation  on  P3FA 
I  modules  at  the  4  a  and  0.8  TW  level  were  performed  on  the  NRL  Gamble  II 


|  device.  Ion-  production  efficiencies  of  about  40»  have  been  obtained  with 
k  6  cm-diameter  PROs.  Efficiencies  of  about  70*  are  obtained  when  the  same 
‘  diode  is  operated  at  1  a  ,  i.e.,  ion-current  densities  at  the  anode 


averaged  30  kA/cmc  [6].  A  new  ion  beam  target  measurement  technique  has 
been  developed  to  allow  determination  of  stopping  powers  of  intensely 
focused  deuteron  beams  [7],  Recent  experiments  have  concentrated  on 
determining  the  controlling  factors  for  maximizing  ion  beam  source 
brightness.  This  paper  will  review  the  highlights  in  each  of  these  areas. 
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II.  PITHON  EXPERIMENTS 

In  order  to  study  the  scaling  of  low  impedance  (~  1  n)  PRD 
performance  at  higher  powers  and  longer  pulse  lengths  than  available  on 
Gamble  II,  experiments  were  performed  on  the  PITHON  generator  operated  at 
3  VA.  The  evolution  of  anode-cathode  ( A-K)  plasma  surfaces,  information 
essential  for  the  design  of  high  power  focusing  ion  diodes,  was  also 
determined.  3oth  planar  and  curved  (focusing  PRD)  diode  configurations, 
similar  to  the  Gamble  II  designs  previously  reported  [2,8],  were  studied. 
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the  thin  foil  as  they  pinch  in  radially.  The  ions,  emitted  perpendicular 
to  the  anode  plasma,  are  accelerated  through  the  diode  potential  while 
being  radially  deflected  inward  by  their  sel f-magnetic  field.  They  then 


fla 


ANODE  PLANE 


BEST  FOCUS 


WITNESS  PLATE 


Fig.  1.  PITHON  focusing  geometry  w’th  ion 
shadowbox  ballistic  reconstruction. 


pass  through  the  thin  cathode  foil  into  a  gas  filled  drift  tube  where 
space-charge  and  current  neutralization  allow  them  to  drift  ballistically 
toward  a  focus.  A  main  difference  between  the  geometries  used  on  Gamble 
II  and  PITHOM  was  that  PITHON  operates  only  in  the  negative-polarity 
mode.  8ecause  the  transmission  cathode  is  operated  at  high  potential, 
special  techniques  for  diagnostic  access  and  gas  filling  were  required. 
Deuteron  current  measurements  were  made  by  coating  the  anode  foil  with  C0£ 
and  using  both  nuclear  activation  techniques  and  neutron  time-of-fl ight 
detectors  for  neutrons  produced  from  greater  than  range-thick  CD2  targets 
in  the  drift  space. 


Typical  diode  electrical  characteristics  are  shown  in' Fig.  2  for  the 
planar  version  of  the  diode  shown  in  Fig.  1.  It  had  a  12  cm  cathode 

diameter,  a  0.3  cm  A-K  gap  spacing, 
and  a  0.5  cm  vacuum  gap  behind  a  0.01 
cm  CH2  anode  foil.  Peak  diode  vol¬ 
tages  of  2  MV  at  1.5  MA  diode  current 
were  obtained  with  flat  impedance 
behavior  even  for  the  100  ns  PITHON 
pulse.  Ion  currents  of  1  MA  were 
obtained  with  peak  ion  powers  ap¬ 
proaching  2  TW.  Over  100  kJ  of  ions 
were  produced  out  of  about  200  kJ  of 
electrical  energy  delivered  to  the 
diode.  Shot-to-shot  impedance  con¬ 
trol  and  electrical  reproducibil ity 
were  excellent.  When  deuterons  were 
produced,  the  neutron  yield  approach- 
cd  10A  from  the  d-d  and  d-carbon 
reactions  occurring  in  the  C02  tar¬ 
get.  The  inferred  deuteron  current 
was  consistent  with  the  ion  current  measured  by  the  Rogowski  coil  outside 
the  cathode. 

Approximately  the  same  diode  electrical  parameters  were  obtained 
using  the  focusing  electrode  structure  shown  in  Fig.  1.  Here,  the 
magnetic  deflection  of  the  ions  in  the  vacuum  causes  the  focus  to  occur 
about  4  cm  closer  to  the  diode  than  the  geometric  focus.  The  ion  pinhole 
shadowbox  was  used  to  determine  the  time-averaged  location  and  diameter  of 
the  best  focus.  The  ion  orbits  are  projected  from  each  damage  spot  on  the 
witness  plate  back  through  the  correspond!- r.g  pinhole  through  the  focus  to 
tho  rathnrip  nlane.  The  radial  extent  of  each  damace  oattern  reflects  the 


Fig.  2.  PITHON  electrical 
characteri sties . 
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time-variation  of  deflection  angle  due  to  time-varying  diode  fields,  gap 
closure  and  time-variations  of  anode-emission  angle  due  to  anode-plasma 
expansion.-  The  smal ler-observed  azimuthal  extent  of  damage  reflecting 
other  beam-divergence  phenomena  suggests  that  with  proper  aspheric 
electrode  shapes,  the  ion  focus  diameter  could  be  reduced  to  the  1  cm 
diameter  scale  desired  for  beam-target  interaction  experiments. 

The  diode  used  for  holographic  measurement  of  the  electrode-plasma 
surfaces  is  somewhat  different  from  the  above  diodes.  The  cathode  was 
terminated  in  a  smooth  taper  which  allowed  variation  of  the  cathode 
radius.  Both  5  and  12  cm  diameter  cathodes  were  tested.  The  anode  was 
designed  to  allow  direct  viewing  access  of  the  diode  A-K"  gap  through  an 
array  of  viewing  holes. 

The  Physics  International  four-channel ,  6  ns,  ruby  laser 

interferometric  holography  system  was  used  to  study  the  spatial  and 
temporal  evolution  of  the  anode  and  cathode  plasmas  of  diodes  operated  at 
2-3  TW.  The  four  laser  pulses  were  separated  by  10  ns  each  and  data  was 
taken  on  a  number  of  shots  in  order  to  span  the  entire  100  ns  paver 
pulse.  Preliminary  analysis  of  surfaces  of  constant  line  density 
(3xl017/cm2)  show  uniform  expansion  until  a  time  near  peak  power.  After 
peak  power,  anode  plasma  surface  fluctuations  and  high  velocity  (up  to  30 
cm/ys)  axial  plumes  were  observed.  During  the  power  pulse  collapse  a  high 

1  Q  ^ 

density  (n  >  10  /cm")  plasma  bridges  the  anode-cathode  gap.  On  some 

shots  this  high  density  plasma  is.  later  seen  to  open  suggesting  that 
magnetic  field  pressure  is  driving  it  back.  Knowledge  of  the  anode  and 
cathode  shapes  at  peak  power  suggests  further  research  into  techniques  for 
forming  more  uniform  plasmas  is  necessary  for  development  of  high- 
performance  focusing  ion  diodes.  The  measured  evolution  of  these  shapes 
provides  information  required  to  design  modifications  to  the  simple 
spherical-section  electrodes  tested. 


III.  AURORA  EXPERIMENTS 

Ion  diode  experiments  were  performed  on  one  of  the  four  arms  of  the 
AURORA  accelerator  in  order  to  scale  results  from  1 ower- impedance 
generators  to  higher-voltage  and  higher-impedance  operation  at  power 
levels  above  1  TW.  Initial  experiments  were  performed  in  negative 
polarity  with  a  20  a  PRD  placed  at  the  end  of  the  7  meter 
long,  50  ft  coaxial-magnetically-insulated  transmission  line  driven  by 
a  20  n  oil  insulated  31umlein.  When  the  diode  was  operated  at  1.3  TW  (1/3 
available  power  for  one  arm)  50  kJ  of  5  Me'/  protons  were  produced.  About 
1013  neutrons  per  shot  were  observed  when  the  60  kA,  140  ns-duration 
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proton  beam  was  Incident  on  a  thick  LiCl  target.  The  diode  consisted  of  a 
10  cm  diameter  cathode  separated  from  a  polyethylene  anode  by  ~  5  cm  in  a 
pinch-reflex  diode  configuration.  The  diode  impedance  during  ion 
acceleration  was  ~  20  ohms-  Ion  production  efficiency  was  ~  25%  .  This 
high  efficiency  (~  5  times  bipolar  flow)  appears  to  be  the  result  of 
electron-orbi t  lengthening  due  to  73  drifts  when  the  total  diode  current 
exceeds  the  Alfven  current. 

When  these  experiments  were  repeated  in  positive  polarity 
only  ~  0.8  TW  could  be  coupled  into  a  similar  diode  geometry.  These 
reduced  power  results  combined  with  the  need  to  develop  lower 
impedance  (5-10  2)  ,  more  efficient  ion  diodes,  and  the  need  for  improved 
diagnostic  access  to  the  positive  center  conductor  have  stimulated  a 
reversible  upgrade  of  one  arm  of  the  accelerator.  First,  a  5  meter  long 
section  of  the  vacuum  coax  was  removed  and  an  ion  diode  mounted  just  * 
downstream  of  the  tube  insulator  stack.  Second,  an  inductive  isolator 

carrying  several  coaxial  cables  was  installed  in  the  oil  behind  the 
insulator  stack  to  allow  direct  diagnostic  access  to  the  center  high 
voltage  conductor. 

The  modified  diode  geometry  with  the  new  voltage  and  current 
diagnostics  is  illustrated  in  Fig.  3.  The  plasma  erosion  switches  [9], 

supplied  by  C.  Mendel  of  Sandia 
National  Laboratories,  are  used 
to  both  suppress  prepul se  and  to 
sharpen  beamfront  risetime. 

This  installation  allows  the  PRD 
to  operate  at  the  2  cm  A-K  gaps 
required  for  5-10  0  operation. 
Preliminary  experimental  results 
are  very  encouraging.  These 
demonstrate  that  >1.5  TW  has 
been  delivered  to  the  ion  diode 
with  ion  yields  matching  or 
exceeding  the  negative-pol ari ty 
resul ts . 

The  present  plans  with  the 
installed  modifications  call  for 
delivery  of  ~  2.5  TW  into 

a  5  P.  PRD  and  use  of  the 
resultant  proton  and  deuteron 
beams  in  focusing, transport  and 


Fig.  3.  Pinch-reflex  ion  diode  on 
modified  arm  of  AURORA. 
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bunching  experiments.  Ultimately,  it  would  be  possible  [10]  to  further 
upgrade  one  arm  of  AURORA  to  deliver  10  TW  into  a  5  Q  PRO.  This  power 
level  is  appropriate  for  one  module  of  a  multi -module  light  ion  ICF  system 
[113. 


IV.  GAMBLE  EXPERIMENTS 

Gamble  II  experiments  have  concentrated  on  studying  PRD  operation  for 
P8FA  I  modules,  developing  beam- target  interaction  diagnostics  and 
investigating  beam  brightness  issues. 

Experiments  designed  to  develop  efficient  PRDs  for  operation  on  the 
0.8  TW,  4n  PBFA  I  modules  have  been  performed  on  Gamble  II.  A  variety  of 
designs  were  tested  for  improved  ion  production  efficiency  at  the  desired 
impedance.  About  40%  efficiency  was  obtained  with  a  6  cm  diameter  PRO 
which  had  the  portion  of  the  anode  foil  opposite  the  cathode  covered  with 
a  metal  annulus  of  inner  diameter  slightly  smaller  than  the  inner  diameter 
of  the  cathode.  Experimental  observations  of  the  diode  operation  for  this 
configuration  include:  1)  better  symmetry  of  pinching  and  more  reliable 
centering,  2)  significant  increase  in  impedance  for  a  given  A-K-  gap,  3) 
higher  ion-production  efficiency  for  a  given  impedance,  and  4)  better 
late-time  impedance  behavior  even  for  very  small  A-K  gaps. 

This  6  cm  diameter  PRO  geometry  was  also  used  with  a  smaller  A-K 
gap  (~  2.5  mm)  to  obtain  ion  production  efficiencies  of  about  70%  at 
1  H  impedance  levels.  This  resulted  in  average  ion  current  densities  at 
the  anode  of  about  30  kA/cm  .  These  small  diameter,  low-impedance 
experiments  are  designed  to  improve  ion  source  brightness  by  increasing 
ion  current  density,  without  correspondingly  increasing  beam  divergence. 

A  new  beam-target  interaction  diagnostic  has  been  developed  and 
successfully  used  with  focused  deuteron  beams  from  Gamble  II  PRDs.  The 
goal  was  to  measure  the  deuteron  stopping  power  of  target  plasmas  that  are 
heated  by  the  beam.  Tne  technique  is  based  on  using  neutron  time-of- 
flight  (T0F)  measurements  from  the  d(d,n)  He  reaction  to  determine  the 
deuteron  energy  loss.  Oeuterons  are  focused  to  high  current  density  onto 
a  sub-range  layered  target  consisting  of  mylar  foil  coated  on  front  and 
rear  with  a  thin  layer  of  CO2.  The  T0F  of  neutrons  from  the  two  CO2 
targets  is  used  to  determine  the  deuteron  energy  loss  in  the  stopping  foil 
which  has  been  heated  by  the  intense  ion  beam.  The  ratio  of  neutron 
yields  from  the  two  CO2  targets  provides  an  independent  determination  of 
the  energy  loss  if  the  thickness  of  these  two  targets  is  accurately  known. 

Preliminary  experiments  shew  evidence  of  enhanced  stopping  power  at 
100  kA/cm^  level  deuteron  current  densities.  A  more  accurate  experiment 


is  in  progress  to  accurately  determine  the  enhancement  factor,  current 
density  and  target  temperature. 
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Recent  experiments  with  6  cm-diameter  PRDs  on  Gamble  II  suggest  that 
the  ion-beam  brightness  is  worse  than  anticipated  from  theoretical 
computations  of  diode  time-variations  described  above  and  scattering.  New 
beam  diagnostics  can  separate  design-correctable  systematic  focus 
variations  from  beam  divergence  associated  with  asymmetry  and  instability 
of  the  electrode  plasmas  and  charged-particl e  flow.  Vie  have  measured  beam 
divergence  angles  about  3-times  higher  than  the  calculated  half/angle  of 
0.03  rad  [11]. 

An  example  of  a  new,  time  resolved  intense  ion  Beam  diagnostic 
capable  of  measuring  the  diode  exit  angles  of  ions  which  are  produced  at 
different  radii  is  given  elsewhere  in  these  proceedings  [12]. 

The  time  integrated  ion  shadowbox  technique  is  another  diagnostic 
useful  for  determining  diode  phenomena  important  for  focusing  (Fig.  4). 

Here,  the  time-averaged  ion-diode 
fi  iexit  angle  (9)  is  measured  as  a 

R  --  <ZZZZZZ22ZZZZZL  [function  of  cathode  exit  radius 

;(rc)  for  four  shots  with  a  6  cm 
.diameter  (2R)  PRD  operated  at  0.6 
\  \  ;TW  with  a  1.2  cm  anode  cathode 

rm " fr<;  foil  separation  (a)  .  Constant 

i  I  :  nr - - - (9)  at  large  radius  is  due  to  the 

constant  magnetic  field  associated 
with  a  1/r  ion  current  density 
|  .2  ~  ^ °  distribution  at  the  anode.  The 

Jr  theory  minimum  angle  at  small  radius  is 

^2  |  D\  a  due  to  an  expanding  anode  plasma 

<t>  ’  \  caused  by  concentrated  electron 

beam  heating  near  the  diode 
L- - 1 - i - 1 -  axis.  The  theoretical  curve  shown 

^  2.0  by  the  solid  line  is  calculated 

rc(cm) — r 

u  assuming  a  Gaussian  expansion 

Fig.  a.  Shadowbox  analysis  of  profile  of  the  anode  plasma  using 

Gamble  *  I  data.  a  pinch  radius  measured  from  x-ray 

pinhole  photographs.  The  reasonable  agreement  of  experiment  to  theory 
corroborates  the  simple  theoretical  models  used  to  predict  icn  divergence 
angles  caused  by  magnetic  bending  and  gross  electrode  plasma  motion. 

Most  of  our  present  PRO  experiments  on  Gamble  II  are  designed  to 
determine  which  aspects  of  the  diode  geometry  affect  beam  brightness. 


theory 


r,  (cm) 


Fig.  a.  Shadowbox  analysis  of 
Gamble  II  data. 


Electrode  damage,  anode  bremsstrahlung  and  electromagnetic-code  simulation 
point  to  the  existance  of  filamentation  instabilities  as  the  main  source 
of  small-scale  electric-  and  magnetic-field  structures  responsibile  for 
enhanced  divergence.  Therefore,  we  are  systematically  studying  variations 
of  the  anode  and  cathode  geometry  to  determine  their  effect  on  beam 
divergence.  Examples  include  variation  of  anode  plastic  foil  thickness 
and  the  use  of  plastic  foils  backed  by  high  and  low  Z  conducting  foils. 
These  changes  affect  anode  plasma  formation.  Examples  of  cathode 
variations  include  the  use  of  highly  polished  or  plated  surfaces  and 
scalloped  cathode  surfaces  designed  to  enhance  electron  temperature  in  the 
azimuthal  direction.  The  presence  of  a  weak  3Z  field  in  the  diode  may 
slow  growth  of  filamentation  [13].  This  effect  will  also  be 
investigated.  These  studies  will  hopefully  lead  to  diodes  which  generate 
the  higher-brightness  beams  needed  for  light-ion  ICF. 
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ABSTRACT 

Two  types  of  numerical  simulations  of  ion  diodes  have  been  performed,  ore 
with  the  DI0DE-2D  magneto-  and  electro-static  code,  and  the  other  with  the 
MASK  electromagnetic  code.  We  present  a  brief  description  of  the  two  cades 
and  results  of  recent  simulations.  These  include  quasi -static  simulations 
of  pinch-reflex-diodes,  which  indicate  that  efficiencies  approaching  50" 
may  be  achieved  in  operation  at  4.Q  and  1.8  MeV,  and  electromagnetic  simula¬ 
tions  of  bi-polar  flow  in  planar  diodes,  which  indicate  that  the  electron- 
ion  flow  filaments  and  may  be  an  inherent  source  of  ion  beam  divergence. 

I.  INTRODUCTION 

The  extrr.cticn  of  ion  beams  from  pulsed  power  diodes  at  MA  currents  and  MeV 
energies  is  presently  the  subject  of  intense  research  activity  for  Inertial 
Confinement  Fusion  (IGF)  with  ion  beam  drivers.  The  theoretical  and  experi¬ 
mental  concern  is  the  development  of  an  ion  source  which  satisfies  the 
stringent  requirements  for  ICF  pellet  ignition.  In  this  context,  the  effi¬ 
ciency  of  the  ion  source,  the  beam  brightness,  the  be3m  power,  and  the  time 
dependent  behavior  of  the  ion  energy  distribution  have  all  been  recognised 
as  important  issues.  Since  the  electron  and  ion  flow  is  complicated  and 
difficult  to  .predict  analytically,  we  have  resorted  to  detailed  numerical 
simulations  of  diode  behavior.  This  paper  describes  results  from  numerical 
simulations  of  pinch-reflex-diode  configurations,  which  have  been  used  ex¬ 
perimentally  to  generate  light  ion  beams  on  GAMBLE-II  at  the  Naval  Research 
Laboratory  and  at  the  AURORA  facility.  To  date  most  of  the  numerical  simu¬ 
lations  we  have  conducted  have  used  the  DI0DE-2D  quasi-static  code .  As  the 
awareness  of  the  physics  issues  concerning  pulsed  power  ion  diodes  has 
evolved,  it  has  become  clear  that  while  a  quasi-static  cede  may  be  adequate 
for  describing  diode  operation  in  a  rough  overall  sense  (i.e.,  impedance 
scaling)  it  lacks  the  physics  input  to  answer  reliably  nore  delicate 


questions,  to  improve 'the  situation  we  are  adapting  an  electromagnetic  code, 
MASK,  for  studying  ion  diode  behavior.  Preliminary  simulation  results  of 
bi-polar  flow  in  planar  diodes  indicate  that  electromagnetic  effects  may  be 
responsible  for  fi lamentation  of  electron  and  ion  flow  and  hence  act  as  an 
inherent  source  of  beam  divergence. 

A  brief  description  -and  a  discussion  of  the  assumptions  underlying  the 
quasi-static  simulations  is  presented  in  Section  II.  The  results  of  numerical 
simulations  of  the  pinch-reflex-diode  with  the  quasi-static  code  appear  in 
Section  III.  They  describe  diode  operation  at  voltages  ranging  from  1.8  MeV 
to  5.0  MeV  and  impedances  from  4  to  20  P..  The  indication  is  that  efficiencies 
approaching  50%  may  be  possible  at  4 P  and  1.8  MeV.  In  Section  IV  we  discuss 
the  approach  to  electromagnetic  numerical  simulations  and  in  Section  V  show 
the  results  from  a  model  problem  of  bi-polar  flow  in  planar  geometry.  Finally 
in  Section  VI  we  discuss  some  of  the  outstanding  issues  of  numerical  and 
analytical  modeling  of  ion-beam  diodes. 

II.  THE  DI0DE-2D  QUASI-STATIC  CODE 

The  DI0DE-2D  code  uses  a  particle-in-cell  model  of  electron  and  ion  flow  in 
conjunction  with  a  two  dimensional  (R,Z)  azimuthally  symmetric  electro-  and 
magneto-static  field  solver  to  simulate  steady  state  behavior.  This  kind  of 
code  has  been  used  extensively  by  us  and  others  in  the  past  and' detailed 
descriptions  exist  [l].  The  limit  in  which  the  results  are  expected  to  be 
valid  occurs  when  the  electron  and  ion  flows  are  in  steady  state  equilib¬ 
rium.  The  code's  approach  to  equilibrium  is  through  a  sequence  where  test 
particle  orbits  are  integrated  one  step  at  a  time  using  the  relativis- 
tically  correct  equations  of  motion  and  fields  caalculated  in  the  static 
.approximation  with  charge  and  current  densities  due  to  the  ensemble  of 
test  particles  at  that  time  step.  That  is: 

V2  $(x,c)  “  At  p(x,C) ,  i(x,c)  *  -7  $(x,c)  (1) 

,  (2) 

where  the  equations  are  solved  on  a  mesh  with  the  charge  density,  p,  and  the 
current  density,  J,  found  from  the  macro  particles  in  the  simulation.  The 
flexibility  of  the  code  comes  from  the  inclusion  of  boundary  conditions  for 
generalized  geometries,  space  charge  limited  emission  from  designated  surfaces, 
foil  scattering  algorithms,  and  diagnostics.  While  the  transient  behavior 
exhibited  by  the  code  does  not  represent  the  physically  correct  evolution, 
when  convergence  to  steady  state  occurs,  the  code  provides  correct  equilibrium 
solutions.  We  have  used  the  code  by  specifying  the  diode  geometry,  fixed 
applied  voltage,  external  maenetic  fields.  i-^o-ionc  of  * 


and  run.  until  a  steady  state  or  near  steady  state  was  achieved.  In  that  case 
the  results  unabiguously  satisfy  the  assumptions  of  our  model.  In  cases 
where  no  steady  state  is  reached  the  results  are  open  to  interpretation. 

III.  PINCH-REFLEX-DIODE  SIMULATIONS 

The  NRL  light  ion  group  has  been  experiments] ly  generating  proton  beams  at 
the  AURORA  facility  with  currents  >50  kA  at  5  MeV  [2]  and  on  GAMBLE- II  at 
the  lower  voltage  of  1.8  MeV  with  ion  currents  of  \160  kA  and  efficiencies 
approaching  40%  [3].  The  interest  in  such  intermediate  impedance  pinch- 
reflex-diodes  is  possible  use  on  P3FA-I  at  Sandia.  Quasi-state  simulations 
were  carried  out  in  geometries  that  correspond  to  the  experimental  configu¬ 
rations.  As  a  typical  example,  the  diode  geometry  that  was  used  on  the 
AURORA  experiments  in  positive  polarity  is  shown  in  Fig.  la,  which  also 
contains  a  contour  map  of  the  equipotentials .  The  important  elements  of 
the  diode  are  the  cathode  shank,  which  acts  as  a  primary  source  of  electrons , 
the  reflexing  foil,  which  is  a  source  of  ions,  the  flux  excluder,  which 
limits  the  electron  flow  in  vacuum  from  reaching  the  solid  anode,  and  the 
return  current  rod,  which  helps  to  reflect  electrons  magnetically  into  the 
active  anode  cathode  gap .  Electron  and  ion  flow  patterns  are  shown  in 
Figs,  lb  and  1c  and  were  taken  at  the  same  times tep  as  the  equipotentials 
in  Fig.  la.  It  is  quite  clear  that  for  the  emission  characteristics  specified 
the  flow  in  vacuum  contributes  significantly  to  the  electron  space  charge. 
With  no ’ion  emission  behind  the  foil,  electron  reflexing  is  improved  by  the 
existence  of  a  virtual  cathode.  The  results  from  a  series  of  runs  with 
various  impedances,  regulated  by  altering  the  cathode-foil  gap,  are  shown  below 
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The  results  indicate  chat  ion  production  improves  with  higher  voltage  for 
fixed  impedance  and  with  lower  impedance  for  fixed  voltage.  The  results  are 
in  good  qualitative  agreement  with  experimental  observation.  We  have  found 
some  reasons  for  concern,  however,  because  the  simulations  do  not  settle 
down  qo  a  steady  state  ocher  chan  in  an  average  sense.  There  are  large 


of  -v25.  This  may  indicate  the  presence  of  instabilities  or  nonsteady  flow. 

IV.  ELECTROMAGNETIC  SIMULATION  CODE 

To  gain  an  understanding  of  physics  issues  that  cannot  be  treated  under 
steady  state  assumptions,  a  version  of  MASK  [4]  has  been  adopted  for 
treating  diode  problems.  MASK  is  a  2D-3V  particle-in-cell  code  with 
relativistic  particle  dynamics  and  a  two  dimensional  electromagnetic  field 
solver.  The  algorithms  used  are  similar  to  those  in  other  2D  EM  particle 
codes  [5].  However,  adaptation  to  diode  simulation  required  the  generaliza¬ 
tion  of  boundary  conditions  aud  geometry,  the  inclusion  of  space  charge 
limited  emission,  and  the  coupling  between  the  simulation  space  and  a 
lumped  parameter  generator  model.  As  in  the  static  case,  the  code  integrates 
particle  orbits  in  time  with  fields  in  the  force  equation  interpolated  from 
a  grid  at  each  step.  The  fields,  however,  are  advanced  in  concert  with  the 
particles  by  time  integration  of  Maxwell’s  equations: 

-^f(x,t)  *  c  7  x  3(x,t)  -  4ir  3(2, t) 

B(x,t)  *  -c  V  x  E(x,t) 

where  the  expressions  7  •  E  =»  4rp  and  7  •  3  =»  0  serve  only  as  initial 
conditions.  Within  the  limits  of  the  finite  difference  approximation  for 
the  integrations,  the  code  self-consistently  treats  the  time  dependent 
behavior  in  the  diode.  This  includes  inductive  as  well  as  radiative  effects 
and  the. correct  transient  evolution  of  the  electron-ion  flow.  The  major 
drawback  in  the  use  of  this  code  is  the  limitation  on  times tep  imposed  by 
numerical  considerations.  This  limitation  is  not  introduced  by  the  fact 
that  the  code  is  electromagnetic  but  by  the  particle  and  emission  dynamics. 
For  large  currants  and  large  currant  densities  both  the  EM  and  quasi-static 
codes  are  constrained  by  spatial  resolution  in  the  emission  region  and  by 
timeste?  in  correctly  following  particle  trajectories  in  large  magnetic  fields . 

V.  BI-POLAR  DIODE  FLOW 

As  a  test  problem  we  used  the  electromagnetic  code  to  simulate  a  simple 
planar  diode  with  electron  and  ion  flow.  The  diode  with  its  driving  genera¬ 
tor  circuit  is  shown  in  Fig.  2.  The  boundary  conditions  were  space  charge 
limited  emission  for  electrons  at  x  =  0  and  for  ions  at  x  =  d  where  d  =  4 . 8  mm. 
With  an  applied  voltage  of  2.0  MV  and  an  artificially  fast  rise  time  of 
0.5  ns  we  followed  the  evolution  of  the  electron  and  ion  flow  for  2  ns. 

For  this  simple  problem  steady  state,  as  measured  by  the  total  current 
drawn,  was  achieved  shortly  after  one  ion  crossing  time,  when  the  voltage 


across  the  diode  plateaued  at  1  MeV.  The  total  current  and  the  ratio  of 

electron  to  ion  current  were  in  excellent  agreement  with  bi-polar  theory. 

The  flow,  however,  exhibited  pronounced  structure  as  shown  in  Figs.  3a 

through  3d,  which  are  plots  of  electron  and  ion  phase  space  of  momentum 

component  vs.  distance  across  the  A-K  gap.  The  average  of  the  ?  momentum 

component  is  again  in  excellent  agreement  with  bi-polar  theory,  but  ?  , 

which  should  be  small,  indicates  a  mean  divergence  of  P  ./?  s  .03  for  the 

yth  x 

ions,  and  P  ^/Px  s  .2  for  the  electrons  as  they  exit  the  diode.  A  test 
run  with  electrons  only  showed  no  such  filamentary  structure.  If  the 
electromagnetics  were  turned  off  the  electron-ion  flow  was  again  quiescent. 
A  test  for  finer  spatial  resolution  resulted  in  the  same  behavior.  A 
preliminary  conclusion  is  chat  an  electromagnetic  filamencation  instability 
may  exist  even  for  such  simple  electron-ion  flow. 

VI.  DISCUSSION  AND  CONCLUSION 


The  results  we  have  presented  from  simulations  of  pinch-reflex-dioces  with 
the  quasi-static  code  are  in  good  agreement  with  experimentally  observed 
efficiencies  and  impedances.  They  show  chat  efficiencies  of  v50%  can  be 
achieved.  Because  the  simulations  do  not  always  achieve  a  steady  state, 
which  is  the  underlying  assumption  of  the  quasi-static  model,  we  are 
developing  an  electronmagnetic  code  for  diode  simulation.  This  will  include 
inductive  and  electromagnetic  effects  which  may  be  important.  It  Is  hoped 
that  such  a  code  will  yield  more  reliable  information  on  the  ion  beam  pro¬ 
file  and  distribution  function  as  it  leaves  the  diode.  A  preliminary 
simulation  of  bi-polar  flow  in  a  planar  diode  indicates  that  electromagnetic 
effects  influence  the  ion  divergence  because  of  filamentation  in  the 
electron-ion  flow.  Since  this  is  an  initial  result,  it  is  now  important 
to  develop  the  theoretical  understanding  of  the  origin  of  instability  and 
turbulence  in  diode  flow.  Even  though  the  step  to  electromagnetic  simula¬ 
tions  may  be  an  improvement,  physics  phenomena  remain  which  have  not  been 
included.  Among  these  are  the  formation  and  control  of  anode  and  cathode 
plasmas  and  three  dimensional  effects.  Symmetry  breaking  perturbations  of 
the  electron  and  ion  emission  plasma  sheaths  are  a  source  of  ion  bean 
divergence  and  must  eventually  be  modeled.  At  present  we  are  planning  to 
exercise  the  ZM  code  to  fully  understand  its  limitations  and  to  apply  it  to 
the  simulation  of  pinch-reflex-diodes  in  geometries  corresponding  to  the 
NRL  experiments. 
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Proton  beams  with  currents  >50  kA  at  5  MeV  in  a  $  160-ns  FWHM  pulse  have  been  extracted 
from  an  ion  diode  operated  on  the  Aurora  puiser.  This  current  corresponds  to  an  efficiency 
(proton  currrent/total  current)  of  20%,  which  compares  favorably  with  numerical  simulation. 
The  simulation  indicates  that  the  ion  current  is  enhanced  over  the  Child-Langmuir  value  due  to 
increased  electron  lifetime  in  the  diode.  The  proton  beam  directed  onto  a  LiCl  target  provides  a 
source  of  1.8 X  1012  neutrons/sr/pulse  in  the  forward  direction  from  the  7Li(p,/i)  7Be  reaction. 

PACS  numbers:  52.50.Dg,  52.70.Nc,  29.25. Cy,  29.25.Dz 


I.  INTRODUCTION 

There  is  increasing  interest  in  the  development  of  in¬ 
tense  light-ion  beams  as  drivers  for  thermonuclear  pellets  in 
inertial-confinement-fusion  (ICF)  applications. 1,2  This  ap¬ 
proach  requires  the  production  of  a  number  of  intense  beams 
of  a  few  MeV/nucleon,  focusing  and  transport  of  each  beam, 
then  overlapping  of  the  beams  onto  a  target  with  sufficient 
power  density  to  implode  and  ignite  it. 

One  technique  for  producing  intense  light-ion  beams 
uses  the  azimuthally  symmetric  pinch- reflex  diode. IJ  This 
diode  uses  the  self-fields  of  the  charged-particle  flow  to  en¬ 
hance  ion  production  and  to  aid  in  focusing  the  ions.  This 
diode  operates  most  efficiently  with  a  large  aspect  ratio 
(cathode  radius/anode-cathode  gap)  and  a  low  diode  imped¬ 
ance  (Z<2  (1 ).  Experiments  on  low-impedance  generators 
have  produced  ion  currents  of  up  to  700  kA  at  1.3  MY  with 
60%  ion  efficiency  (ion  current/total  current)1  and  ion  cur¬ 
rents  of  900  kA  at  1.8  MV  with  comparable  efficiency.0  The 
high  current  density  associated  with  these  low-voltage,  high- 
current  ion  beams  puts  limitations  on  the  focusing  and  trans¬ 
port  of  such  beams  to  ICF  targets.4-7 

Experiments  at  order-of- magnitude  higher  impedance 
levels  and  at  power  levels  comparable  to  these  low-imped¬ 
ance  experiments  have  been  carried  out  on  the  Aurora  gener¬ 
ator  at  the  Harry  Diamond  Laboratories.  In  general,  higher- 
impedance  generators  are  more  efficient  in  delivering  energy 
from  the  capacitative  store  to  the  diode  and  can  deliver  high¬ 
er  power  levels.  Inductive  voltage  losses  in  the  vacuum  diode 
are  reduced  due  to  lower  currents,  and  the  increase  stiffness 
of  beams  extracted  from  high-impedance  diodes  shouls  im¬ 
prove  their  ability  to  be  focused.  Focused  current  densities 
required  for  pellet  impulsion  are  reduced  for  higher-energy 
ion  beams  provided  that  the  beam  species  is  properly 
matched  to  pellet-deposition  requirements.  The  advantages 
must  be  weighed  against  theoretical  predictions  of  lower  ion- 
production  efficiencies  for  high-impedance  diodes. 
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The  experiments  described  here  employed  a  low-as¬ 
pect-ratio  modification  of  the  conventional  pinch-reflex  di¬ 
ode  in  order  to  better  match  the  high-impedance  Aurora 
pulse  line.  Computer  simulation  of  the  aurora  diode  showed 
enhanced  ion  production  when  operating  at  diode  currents 
exceeding  the  Alfven  current.  The  Aurora  experiments  have 
demonstrated  similar  enhanced  ion-production  efficiencies 
( —  20%).  The  ion  diode  was  driven  by  a  1 60-ns  FWHM  pulse 
from  one  of  the  50-/2  vacuum  transmission  lines  on  the  gen¬ 
erator.  The  diode  operated  at  about  5  MY  and  200  kA 
[Z~  25  /2 ).  The  mismatch  of  this  ion  diode  to  the  50-/2  trans¬ 
mission  line  limited  the  peak  power  to  less  than  1.5  TW  and 
the  total  diode  energy  to  less  than  200  kJ.  Average  proton 
currents  of  >50  kA  at  5  MeV  were  inferred  from  neutron 
activation  and  time-of-flight  measurements  using  the 
7LUp,n)  7Be  reaction.  A  carbon  ion  component  of  >  1%  of 
the  proton  intensity  was  also  observed.  Ion-imaging  mea¬ 
surements  indicated  that  the  ion  beam  originated  near  the 
axis  of  the  anode  and  was  affected  by  an  unknown  focusing 
or  defocusing  mechanism  in  the  anode-cathode  region.  It 
was  shown  that  reflexing  of  electrons  through  the  anode  foil 
was  not  of  primary  importance  to  the  enhanced  ion  produc¬ 
tion.  The  experimental  results  are  consistent  with  computer 
simulations,  which  indicate  that  the  ion  production  is  en¬ 
hanced  as  a  result  of  prolonged  electron  lifetime  in  the  diode 
due  to  the  complicated  trajectories  of  the  electrons. 

The  paper  will  detail  the  theoretical  simulations  and 
experimental  measurements  of  ion-diode  studies  on  the  Au¬ 
rora  generator  in  negative  polarity.  Section  II  presents  the 
results  of  the  numerical  simulations.  Section  III  describes 
the  experimental  hardware  and  diagnostics.  The  experimen¬ 
tal  results  are  presented  in  Sec.  IV.  Section  V  summarizes  the 
experimental  and  theoretical  studies.  A  more  detailed  report 
of  this  work  may  be  obtained  by  requesting  NRL  Memo 
Report  No.  4477. 

II.  THEORY  AND  SIMULATION 

The  high-impedance  diode  used  in  the  Aurora  experi¬ 
ments  exhibits  a  ion-production  efficiency  much  higher  than 
the  prediction  from  bipolar  Child-Langmuir  flow.  The  most 
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important  aspect  of  the  current  flow  established  in  the  diode 
is  that  the  total  diode  current  exceeds  the  Alfven  current, 

IA  (A)  =  17  0000  v,  where  0  and  y  are  the  usual  relativistic 
factors  for  electrons  at  the  full  diode  voltage.  In  this  case,  the 
electron  flow  pinches  in  the  region  of  the  anode-cathode  gap. 
The  electrons  no  longer  have  trajectories  which  take  them 
directly  from  the  cathode  to  the  anode;  rather  they  perform 
complicated  figure-eightlike  orbits  through  the  axis  of  sym¬ 
metry.  A  combination  of  E  xB  and  V5  xB  motion  caused 
by  the  applied  electric  field  and  the  self-magnetic  field  of  the 
diode  current  combine  to  produce  these  complicated  elec¬ 
tron  trajectories.  As  a  result,  the  electron  lifetime  in  .he  an¬ 
ode-cathode  gap  is  enhanced.  The  ion-production  efficiency 
is  determined  by  the  total  charge  balance  in  the  diode  and  the 
relative  average  lifetimes  of  electrons  and  ions  in  the  gap. 
The  ions  travel  in  essentially  straight  lines  and  move  more 
slowly  than  the  relativistic  electrons,  but  the  longer  path 
’  mgth  of  the  electrons  allows  a  larger  fraction  of  the  current 
than  predicted  by  Child-Langmuir  theory  to  be  carried  by 
the  ions. 

For  the  diode  used  in  the  Aurora  experiments,  it  is  diffi¬ 
cult  to  calculate  analytically  the  ion-generation  efficiency. 
Therefore,  numerical  simulations  were  used  to  model  the 
diode  behavior.  The  diode  configuration  used  in  the  simula¬ 
tions  is  similar  to  that  used  in  the  experiments  and  is  shown 
in  Fig.  1 .  Electron  emission  was  limited  to  the  face  of  the 
cathode,  and  the  anode-cathode  gap  was  fixed  at  3.3  cm.  The 
anode  foil  was  modeled  as  a  0. 17f-cm-thick  polyethylene 
conducting  disk  acting  as  a  space-charge-limited  ion  source 
on  the  cathode  side.  The  on-axis  support  rod  and  back  plate 
of  the  anode  were  assumed  to  be  perfectly  absorbing  surfaces 
for  electrons. 

The  results  of  simulations  at  diode  voltages  of  3  and  5 
MV  are  presented  in  Table  I  and  Fig.  2.  The  total  diode 
current  is  comparable  to  the  Alfven  current  in  the  3-MeV 
case,  but  is  significantly  greater  than  the  Alfven  current  for 
the  5-MeV  case.  In  both  cases,  the  electron  beam  pinches. 


FIG.  1.  Pinch-reflex-diode  geometry  used  for  the  numerical  simulations. 
Only  the  region  to  the  right  of  the  hollow  cathode  was  simulated.  Test 
electron  orbits,  shown  for  the  5-MeV  case,  illustrate  the  complicated  trajec 
tones.  The  orbits  have  been  projected  onto  the  plane. 


but  the  pinch  is  stronger  and  there  is  less  reflexing  through 
the  anode  foil  for  the  5-MeV  case.  The  ion  efficiency  is  sig¬ 
nificantly  greater  than  the  Child-Langmuir  efficiency  in 
both  cases  and  reaches  20%  for  the  5-MeV  case.  Radial  pro¬ 
files  of  the  ion  current  density  at  the  front  face  of  the  cathode 
are  shown  in  Fig.  2(a).  The  ion  current  density  is  peaked  on 
axis  in  both  cases  and  reaches  at  least  10  kA/cnr  for  5  MeV. 
Radial  velocities  of  the  ions  at  the  cathode  face  are  presented 
in  Fig.  2(b).  For  the  3-MeV  case,  defocusing  of  the  ion  orbits 
is  indicated  by  the  maximum  outward  radial  velocity  of  0.6 
cm//us  combined  with  an  axial  velocity  of  2.3  cm/jis.  How¬ 
ever,  for  the  5-MeV  case  the  maximum  outward  radial  veloc¬ 
ity  is  reduced  and  the  axial  velocity  is  increased  to  3. 1  cm//is 


TABLE  I.  Results  from  numerical  simulations. 


Quantity  calculated 

3-MeV  ease 

5-MeV  case 

Diode  currents  ikA): 

Electron 

100 

165 

Ion 

14 

40 

Total 

114 

205 

Alfven  current  IkA) 

116 

183 

Electron  currents  absorbed 

by  the  anode  !kA): 

Front  foil 

50 

125 

Support  rod 

35 

40 

Back  plate 

14 

0 

Diode  impedance  1  Ci ): 

26 

24 

Ion  efficiency  {%): 

12 

20 

Child-Langmuir  efficiency 

4.6 

8.0 

Ion  current  density  on  axis 

at  cathode  plane  IkA/env): 

! 

10 

€085 
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so  that  the  ion  beam  is  less  divergent.  Also,  at  large  radii  the 
radial  velocity  is  directed  inward,  corresponding  to  ion 
focusing. 

Electron  orbits  for  the  5-MeV  case  are  shown  in  Fig.  1. 
The  pinching  effect  on  the  electrons  can  be  seen  clearly  as 
well  as  the  figure-eightlike  drift  motion  of  the  electrons. 
Such  electron  motion  is  characteristic  of  the  VB  drift  of  pri¬ 
mary  electrons  in  this  diode. 

HI.  EXPERIMENTAL  PROCEDURE 
A.  Hardware 

In  this  experiment  a  single  arm  of  the  Aurora  simula¬ 
tor3  was  used  with  an  extension  section  to  bring  the  beam  out 
in  the  horizontal  plane.’  The  Marx  generator  was  operated 
in  negative  polarity  at  the  90-kV  charge  level,  well  below  the 
maximum  120-kV  charge  available.  The  electrical  pulse 
from  the  generator  was  transmitted  to  the  ion  diode  through 
a  7-m-long,  magnetically  insulated  coaxial  transmission  line 
which  has  a  geometric  impedance  of  50  /2. 

The  locations  of  voltage  and  current  probes  along  this 
transmission  line  are  shown  in  Fig.  3.  A  single  resistive-di¬ 
vider  voltage  monitor  ( Vr)  was  located  in  the  oil,  and  three 


FIG  l  a  Radial  profiles  of  ion-current  density  at  the  plane  of  the  from 
surface  of  the  cathode  bi  Radial  velocity  profiles  of  the  ions  at  the  plane  of 
the  front  surface  of  the  cathode. 


OIOCE  50  OHM  COAX 


FIG.  3.  One  arm  of  the  Aurora  generator  from  the  oil  region  to  the  ion 
diode.  The  resistive  voltage  divider  in  the  oil  is  indicated  as  well  as  various 
resistive  current  shunts  and  capacitive  voltage  monitors  in  the  vacuum 
coax. 

capacitive  dividers  were  located  along  the  vacuum  line.  Only 
the  farthest  upstream  capacitive  monitor  VB  gave  reproduc¬ 
ible  signals.  Current  measurements  were  made  with  7-m/2 
resistive  current  monitors  spaced  along  the  outer  coax.  The 
VT  monitor  measured  a  peak  of  about  10  MV,  while  VB 
measured  a  peak  of  6  MV  and  the  current  shunt  IT  measured 
190  kA.  These  values  suggest  that  the  diode  was  operating 
below  the  50-/2  geometric  coaxial  line  impedance. 

An  enlarged  view  of  the  ion-diode  end  of  the  coaxial 
transmission  line  is  shown  in  Fig.  4.  The  53-cm-diam.  center 
stalk  tapers  to  10  cm  while  still  in  the  1.2-m-diam.  chamber. 
After  a  50-cm-long  section,  the  outer  conductor  is  reduced 
to  25  cm  to  recover  the  50-/2  line  impedance.  A  prepulse 
switch  is  located  on  the  center  stalk  just  downstream  of  the 
large-diameter  transition  as  shown  in  Fig.  4.  The  switch  con¬ 
sists  of  a  series  of  polycarbonate  plastic  insulators  and  alumi¬ 
num  field  grading  rings  which  capacitively  attenuate  the  pre¬ 
pulse  applied  to  the  diode.  The  cathode  was  mounted  on  the 
10-cm-diam.  inner  stalk  and  was  aligned  with  the  anode 
mounted  on  an  aluminum  plate  in  the  25-cm-diam.  vacuum 
region.  A  35-cm-long  vacuum  chamber  with  a  graphite 
dump  for  the  electron  beam  was  located  downstream  of  the 
anode. 


FIG  4.  Diode  end  of  the  vacuum  coax  as  used  in  this  experiment. 
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The  cathode  and  anode  used  in  these  experiments  are 
illustrated  in  Fig.  5.  The  cathode  consisted  of  a  10-cm-diam., 
6-mm-thick  wall  aluminum  tube  with  a  rounded  edge.  An 
aluminum  witness  plate  was  recessed  inside  the  cathode.  On 
most  shots,  lithium  chloride  I LiCl)  was  deposited  on  the  wit¬ 
ness  plate  to  provide  a  neutron  source  through  the 
7Lilp,/t)  7Be  reaction.  The  anode  consisted  of  ICO-um-thick 
polyethylene  (CH:)  foil  stretched  between  a  0.8-mm-thick, 

1 5-cm-diam.  aluminum  ring  and  a  2.5-cm-diam.  central  alu¬ 
minum  disk.  The  outer  edge  of  the  center  disk  and  the  inner 
edge  of  the  ring  were  sharp  to  enhance  surface  breakdown  of 
the  CH,  foil.  The  center  disk  was  covered  with  various  thick¬ 
nesses  of  CH;.  An  aluminum  round-head  screw  clamped  the 
anode  onto  a  1.9-cm-diam.,  0. 17-mm-thick,  6-cm-long  alu¬ 
minum  tube.  The  entire  anode  was  bolted  onto  a  1.5-mm- 
thick  aluminum  plate.  The  anode  structure  was  made  of  thin 
aluminum  to  limit  debris  from  the  shot  as  well  as  to  allow 
many  reflexes  of  electrons  through  the  structure  (the  range 
of  5-MeV  electrons  in  aluminum  is  1.1  cm). 

B.  Diagnostics 

X-ray  and  neutron  diagnostics  used  in  this  experiment 
are  indicated  schematically  in  Fig.  6.  Because  the  machine 
was  operated  in  negative  polarity  and  there  was  no  access  to 
the  center  stalk,  all  ion  diagnostics  were  remote  or  delayed. 
X-ray  diagnostics  consisted  of  a  collimated  scintillator-pho¬ 
todiode  and  a  pinhole  camera,  both  directed  at  the  diode 
region. 

Neutron  diagnostics  consisted  of  a  neutron  time-of- 
flight  ITOF)  detector  and  neutron-activation  detector,  as  in¬ 
dicated  in  Fig.  6.  The  TOF  detector  was  used  to  determine 
the  proton  energy  in  the  diode.  This  detector  was  deployed  at 
10  *  to  the  anode-cathode  axis  and  13.8  m  from  the  LiCl 
target.  At  this  angle  the  proton  energy  for  the  7Lilp,/r)  7Be 
reaction  is  a  sensitive  function  of  the  neutron  energy.  Neu¬ 
tron  intensities  were  measured  with  a  Rh-activation 
counter10  and  an  array  of  Mn-activation  foils.  The  Rh  detec¬ 
tor  was  deployed  at  155  *  to  the  ion-beam  direction  and  Mn- 
foil  samples  were  placed  at  several  different  locations,  as  not¬ 
ed  in  Fig.  6.  The  Rh  counter  was  calibrated  with  a  Califor- 
nium-252  neutron  source.  This  activation  detector  has  been 
described  elsewhere,"  and  calibrations  with  similar  neutron 
sources  have  been  described  previously.10  Measurements 
with  Mn-foil  activations  provided  neutron  intensities  at  dif- 


WITNESS 

otTHCoe 


MCI  *.if£ 


FTG.  5.  Detailed  anode-cathode  geometry  used  in  this  experiment. 
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FIG.  6.  Schematic  arrangement  of  the  x-ray  and  neutron  diagnostics. 


FIG.  7.  Electrical  characteristics  measured  on  shot  2978.  iai  Voltage  wave¬ 
shapes  measured  by  the  resistive  divider  in  the  oil  VT  and  a  capacitive 
monitor  in  the  vacuum  transmission  line  K,.  Ibl  Voltage  VB,  current  /r.  and 
effective  line  impedance  Z  =  V,/lT  .  lc)  Power  Pand  energy  E derived  from 
V ,  and  lT  .  id)  Comparison  of  the  measured  x-ray  pulse  shape  with  'he  x-ray 
response  calculated  from  V,  and  iT. 
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1  FIG  5.  X-ray  pinhole  photographs  at  four  different  Sim  sensitivities  for  shot  C9'3.  Film  sensitivity  increases  from  left  to  right  On  the  left,  only  the  aluminum 

screw  head  on  the  front  of  the  anode  tsee  Fig.  5i  is  seen.  Next,  some  of  the  thin  aluminum  anode  supporting  tube  and  more  of  the  centra;  aluminum  anoaedisk 
are  apparent.  The  outer  aluminum  anode  nng  is  evident  in  the  third  image.  The  iast  image  indicates  that  the  aluminum  back  plate  was  irradiated  by  a  diffuse 
spray  of  eiectrons. 
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ferent  angles  and  distances  from  the  target  on  a  single  shot. 
Foils  of  Mn-Cui3 \%  Mm  2.5  cm  in  diameter  and  50, cam 
thick  were  placed  in  the  center  of  a  cylindrical  7.6x7.6-cm 
CH:  moderator  and  exposed  to  neutrons  on  a  shot.  The  156- 
mm  half-life  v-ray  activity  induced  in  the  foil  by  the 
55Mni n.y'  J*Mn  reaction  was  measured  after  the  shot.  Mn 
activations  were  used  to  demonstrate  the  inverse-square 
scaling  of  neutron  emission  with  distance  from  the  LiCl  tar¬ 
get  out  to  a  distance  of  i  m.  The  calibrated  Rh  counter  was 
used  to  provide  absolute  neutron  intensities  and  to  calibrate 
the  Mn  activation  detectors. 

The  trajectories  of  ions  emitted  from  the  diode  were 
diagnosed  by  measurements  with  a  pinhole  shadowbox 
placed  within  the  cathode. ;  The  shadowbox  consisted  of  a  6- 
mm-thick  stainless-steel  plate  which  contained  an  array  of  1- 
mm-diam.  apertures  mounted  2.6  cm  in  front  of  a  polished 
aluminum  witness  plate.  The  pattern  of  damage  produced  on 
the  witness  plate  located  behind  the  pinhole  array  allowed 
one  to  determine  orbits  for  ions  entering  the  pinholes  at  dif¬ 
ferent  radii.  The  aluminum  witness  plate  will  melt  if  more 
than  100  A/cm'  of  5-MeV  protons  are  deposited,  and  it  will 
vaporize  when  the  current  density  exceeds  1.4  kA/cm:.  The 
front  aperture  plate  of  the  shadowbox  was  coated  with  LiCl 
to  provide  simultaneous  neutron  diagnostics. 

Measurements  of  residual  radioactivity  on  the  cathode 
were  made  after  each  shot  to  provide  additional  information 


FIG  1  Neuiron  ame-of-Sight  'races  rr.ijsureU  far  ir.o;  13"3  and  for  a  shot 
wthout  a  L.Cl  large:. 


about  the  ion  beam.  The  y- ray  activity  of  the  cathode  stalk 
was  measured  with  a  cylindrical  7.6x7.6-cm  Nal  detector. 
Counting  of  the  cathode  could  be  initiated  15  min  after  the 
shot.  Pulse-height  spectroscopy  was  used  to  determine  the  y- 
ray  energies  associated  with  radioactive  species  produced  bv 
ion  bombardment  of  the  cathode. 

IV.  EXPERIMENTAL  RESULTS 
A.  Typicai  results 

Experimental  results  'will  be  presented  by  discussing  a 
single  shot  (No.  2973)  in  detail.  The  ion  diode  used  on  the 
shot  had  a  4.9-cm  anode-cathode ;  AK)  gap.  The  anode  con¬ 
sisted  of  an  36-qm-thick  CH:  foil  on  top  of  the  center  field- 
enhancing  disk  and  aluminum  screw  head.  A  shadowbox 
was  recessed  10.5  cm  inside  the  cylindrical  aluminum  cath¬ 
ode  and  had  a  LiCl  target  mounted  on  its  front  surface. 

The  electrical  characteristics  measured  on  this  shot  are 
presented  in  Fig.  7.  The  voltage  ■  VT .  measured  in  the  oil  just 
before  the  insulator  stack,  and  the  voltage  measured  by  a 
capacitive  monitor '  V3 ,  in  the  vacuum  transmission  line,  are 
compared  in  Fig.  7,ai.  The  -Q^c  drop  :n  peak  voitage  be¬ 
tween  Vr  and  Va  is  the  result  of  impedance  mismatches 
between  the  Blumlem  >21  Cl  :,  the  cii-tc-vacuum  insulator 
stack  i  i  00  Q  j,  and  the  vacuum  coax  .50  Cl ..  Voltages  mea¬ 
sured  closer  to  the  ion  diode  have  waveshapes  similar  to  Va. 
No  direct  measurement  of  the  cathode  voltage  was  made. 
The  voltage  Vs  was  combined  with  the  current  IT  just  down¬ 
stream  of  the  diode  insulator  to  give  an  effective  line  imped¬ 
ance  Z  =  Vg/IT,  as  shown  in  Fig.  7;bi.  The  calculated  im¬ 
pedance  at  this  location  has  a  plateau  of  about  30  Cl  for  about 
100  ns  during  the  pulse.  Figure  Tc;  shows  the  powct  and 
energy  derived  from  V 3  and  1T.  The  peak  power  of  1 .2  TNV  is 
typical  for  this  run.  At  the  end  of  the  voltage  pulse,  these 
probe  measurements  indicate  an  integrated  power  flew  of 
about  160  kJ  past  this  point  in  the  coaxial  line.  The  diode 
voltage  was  lower  than  V B  and  the  diode  current  higher  than 
IT  due  to  the  ’impedance  mismatch  between  the  transmission 
line  and  the  ion  diode.  Transmission  line  computer  code 
studies' :  indicate  that  the  current  is  about  250  kA  in  the 
diode  region.  This  result,  coupied  with  the  5-MV  diode  volt¬ 
age  implied  from  the  TOF  measurements  to  be  discussed), 
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suggests  that  the  diode  was  operating  close  to  20-/2 
impedance. 

The  signal  measured  by  x-ray  scintillator  photodiode 
for  this  shot  is  shown  in  Fig.  7(d).  The  shape  of  this  signal  is 
compared  with  a  theoretical  scaling13  for  x-ray  production 
from  electron  beams  given  by  IT{  Va)2>.  The  calculated  sig¬ 
nal  was  normalized  in  magnitude  and  positioned  in  time  for 
comparison  with  the  measured  signal.  The  agreement  be¬ 
tween  the  shapes  of  the  two  signals  provides  an  independent 
check  on  how  well  the  measured  voltage  and  current  wave¬ 
shapes  agree  with  the  actual  waveshapes  across  the  diode. 

The  results  of  x-ray  measurements  with  the  pinhole 
camera  are  shown  in  Fig.  8.  Images  were  recorded  with  four 
different  film  sensitivities  through  a  1.9-mm-diam.  pinhole. 
The  pictures  obtained  on  this  shot  are  typical  of  the  experi¬ 
ment.  The  pinch  was  well  centered  on  all  shots,  seemingly 
striking  the  central  disk  or  screw  head  on  the  anode.  In  no 
case  were  bright  regions  observed  from  the  aluminum  back 
plate  except  near  the  center. 

Neutron  TOF  measurements  for  this  shot  and  for  a  shot 
without  a  LiCl  target  are  compared  in  Fig.  9.  The  neutron 
pulse  is  readily  detected  above  the  tail  of  the  bremsstrahlung 
signal.  The  width  of  the  neutron  pulse  is  due  primarily  to  the 
duration  of  proton  emission  from  the  diode  and  to  the  neu¬ 
tron  energy  spread  produced  by  protons  stopping  in  the 
thick  LiCl  target.  Proton  energies  were  determined  in  two 
ways.  First,  the  time  interval  from  the  peak  of  the  x-ray  pulse 
to  the  peak  of  the  neutron  pulse  gives  a  measure  of  the  aver¬ 
age  proton  energy.  Second,  the  time  interval  from  the  peak  of 
the  x-ray  pulse  to  the  50%  point  on  the  leading  edge  of  the 
neutron  pulse  gives  an  estimate  of  the  maximum  proton  en¬ 
ergy.  Proton  energies  were  extracted  from  these  time  mea¬ 
surements  by  using  the  kinematics  of  the  7Li(p,/i) 7 Be  reac¬ 
tion.  14  The  results  for  this  shot  are  compared  with  averages 
for  12  shots  in  Table  II.  We  conclude  that  a  proton  energy  of 
5  MeV  is  characteristic  of  this  experiment. 

The  neutron  yield  measured  by  the  Rh-activation  de¬ 
tector  for  this  shot  was  4.3  x  10"  neut/sr  at  1 55  *  compared 
to  an  average  of  2.3  X  10"  neut/sr  for  18  shots.  The  larger 
yield  may  be  due  in  part  to  the  higher-than-average  proton 
energy  on  this  shot.  With  no  LiCl,  the  neutron  yield  was  only 
0.5-l.Ox  10'°  neut/sr.  In  this  case,  neutron  production  pre¬ 
sumably  results  from  ion  bombardment  of  the  aluminum 
witness  plate  and  cathode. 

Proton  intensities  were  determined  from  the  neutron 
intensities  using  thick-target  nuclear  reaction  yields  which 
were  calculated  from  published  cross  sections'4  and  stop¬ 
ping  powers. 15  The  thick-target  yields  on  a  LiC  1  target  are 
displayed  in  Fig.  10.  These  yields  include  only  .he  ground- 


TABLE  II.  Proton  energies  from  neutron  time  of  flight. 


Timing  procedure 

Shot  2978 

Average  of  12  shots 

£ 

£  Range 

(MeV) 

:MeV)  MeV) 

Peak  to  peak 

4.6 

4.4  4  0-3.5 

Peak  to  50%  nse 

5.9 

5.2  4  6-5.9 

state  reaction.  The  contribution  from  the  first  excited  state  is 
less  than  10%  at  these  energies.  Note  that  this  reaction  has  a 
threshold  at  1.9  MeV  and  that  the  reaction  yield  is  forward 
peaked.  In  the  backward  direction,  where  the  Rh  detector 
was  located,  the  yield  is  not  sensitive  to  the  angle  of  the 
emitted  neutrons.  For  shot  2978,  the  observed  neutron  out¬ 
put  corresponds  to  5.4  X  1014  protons  at  5  MeV.  This  result  is 
relatively  sensitive  to  the  proton  energy  and  ranges  from 
3.1  X  1014  protons  at  5.9  MeV  imaximum  energy  from  TOF) 
to  8. 1 X  1014  protons  at  4.6  MeV  (average  energy  from  TOF). 
For  all  18  shots,  the  average  number  of  protons  is  3.7  x  1014. 
We  conclude  that  up  to  5  X  10 16  protons  are  produced  with 
energies  of  about  5  MeV. 

The  trajectories  of  ions  from  the  diode  were  inferred 
from  the  shadowbox  results  on  this  shot.  The  damage  pat¬ 
terns  produced  by  ions  on  the  witness  plate  are  outlined  in 
Fig.  1 1.  In  this  figure,  these  images  have  been  projected  by 
straight-line  trajectories  back  through  the  corresponding 
witness  plate  apertures  toward  the  anode-cathode  region. 
Ion  trajectories  traced  from  the  larger-radii  holes  in  the  sha¬ 
dowbox  appear  to  converge  closer  to  the  anode  that  those  of 
ions  passing  through  the  smaller-radii  apertures.  All  of  the 
ions  appear  to  come  from  the  central  region  of  the  anode. 


FIG  10.  Calculated  thick-target  >ie!ds  for  the  'Ln/?.ni  'Be  reaction  on  a 
LtC!  target. 
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FIG.  1 1.  Ion  damage  patterns  observed  on  a 
shadowbox  witness  plate  projected  back 
through  the  shadowbox  apertures  toward 
the  anode.  The  actual  witness-plate  damage 
is  outlined  at  0  cm.  Projections  of  this  dam¬ 
age  through  the  corresponding  apertures 
are  shown  on  planes  at  various  distances 
from  the  witness  plate.  The  projections  at  8 
and  10.5  cm  indicate  that  ions  at  the  smaller 
radius  are  converging  faster  than  ions  at  the 
larger  radius.  The  inner-radius  projections 
pass  through  an  apparent  best  focus  at  105 
cm  and  begin  to  diverge  as  one  approaches 
the  anode  located  at  1 8  cm.  The  outer-radi¬ 
us  projections  have  an  apparent  best  focus 
very  near  the  anode  plane.  The  scale  on 
these  projections  is  1  cra/division. 


The  projections  at  different  radii  suggest  that  ion  focusing  is 
going  on  within  the  anode-cathode  gap  with  a  significant 
fraction  of  the  ions  crossing  the  axis  several  centimeters  in 
front  of  the  anode. 

B.  Cathode  activation 

Radioactivity  induced  on  the  cathode  after  a  shot  could 
not  be  understood  solely  by  proton  bombardment  but  re¬ 
quired  the  presence  of  an  energetic  carbon  component  in  the 
beam.  A  pulse-height  spectrum  of  the  delayed  y-ray  activity 
measured  on  the  aluminum  cathode  with  the  Nal  detector  is 
shown  in  Fig.  12.  Invariably,  the  most  intense  y  rays  ob¬ 
served  were  annihilation  quanta  (0.51  MeV)  resulting  from 
positron  activity  produced  by  a  variety  of  nuclear  reactions. 
The  decay  of  these  y  rays  could  not  be  characterized  by  a 
single  half-life.  The  y  rays  at  1.18,  2. 13,  and  3.30  MeV  domi¬ 
nate  the  high-energy  region  of  this  spectrum.  A  half-life  of  32 
mm  was  measured  for  the  decay  of  the  2. 13-  and  3.30-MeV  y 
rays.  These  results  indicate  that  this  activity  is  34mCI.  This 
identification  was  confirmed  by  Ge  spectroscopy  of  the  cath¬ 
ode  activity,  as  summarized  in  Table  III.  For  this  measure¬ 


ment,  counting  could  not  be  initiated  until  100  min  after  a 
shot  so  short  half-life  activities  were  not  detected.  Gamma- 
ray  energies  were  measured  to  a  precision  ±  1  keV,  and  the 
values  agree  with  those  recommended  from  the  literature  for 
34mCl  (see  Table  III).  Note  that  the  intense  146-keV  y  ray 
from  34mCl  was  observed  by  Ge  spectroscopy,  but  not  in  the 
Nal  spectrum  (see  Fig.  12).  In  addition,  y  rays  associated 
with  63Zn  and  7Be  were  also  observed.  The  7Be  activity  re¬ 
sults  from  the  7Li(p,/i|  7Be  reaction  in  the  LiCl  target.  The 
63Zn  activity  results  from  the  63Cul/7,«)  63Zn  reaction  on  a 
copper  impurity  in  the  aluminum  cathode.  The  34mCl  activ¬ 
ity  cannot  be  accounted  for  by  a  proton-induced  reaction  but 
can  result  from  the  :7A1(  l2C ,an)  34mCl  reaction  due  to  a  car¬ 
bon  component  in  the  ion  beam.  The  cross  section16  for  this 
reaction  rises  rapidly  with  carbon-ion  energy  to  a  peak  at  30 
MeV.  If  the  carbon  ions  were  produced  in  the  -r  6  charge 
state  and  accelerated  through  5  MV  to  give  an  energy  of  30 
MeV,  the  number  of  ions  required  to  account  for  the  maxi¬ 
mum  observed  activity  would  be  3  X  10u.  For  lower-energy 
ions,  this  number  increases  due  to  the  reduced  cross  section. 
Also,  this  value  represents  a  lower  limit  because  radioactive 


TABLE  III.  Results  from  Ge  spectroscopy  of  the  aluminum  cathode. 


Observed 

Recommended 

Radionuclide 

Source 

Threshold 

gamma  lines 

gamma  energies 

reaction 

energy 

IkeV) 

IkeV) 

(MeV) 

3303 

3303.5* 

2127 

2127.5* 

1 176 

1175.8* 

>*"a 

:7Aj(i:C,an)  5*mC! 

4.9 

510 

511.0'’ 

145.7 

145.7* 

669 

669.6 d 

”Zn 

MCu(p,ni  wZn 

4.2 

961 

961. 9d 

477 

477.6’ 

'Be 

’Lil^./tl  7Be 

1.9 

•R.  W.  Kavanagh.  A.  Gallmann,  E.  Aslanides.  F  Jundt,  and  E.  Jacobs.  Phys.  Rev.  175.  U26 1 1968). 
’J.  B.  Marion,  Nucl.  Data  A4.  301  (1968). 

T  F.  Ward  and  P.  K.  Kuroda,  J.  Inorg.  Nucl.  Chem.  33,  609  (I97I). 
dR.  Colie,  R.  Kishore,  and  J.  B.  Cumming,  Phys.  Rev.  C  9,  1819  11974). 
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FIG.  12.  Pulse-height  spectrum  ot  the  y-ny  activity  induced  on  the  cathode 
after  a  shot  as  measured  with  a  N'al  detector.  The  energies  of  the  more 
intense  peaks  in  this  spectrum  are  identified.  The  spectrum  was  measured 
53  min  after  a  shot  for  a  duration  of  A  min. 


material  vaporized  off  the  cathode  during  the  shot  is  not 
measured.  We  conclude  that  more  than  3  X  1C'4  carbon  ions 
per  shot  are  generated  in  these  experiments. 

C.  Variation  of  diode  parameters 

The  behavior  of  the  diode  was  studied  for  several  vari¬ 
ations  of  diode  parameters.  These  studies  included  vari¬ 
ations  of  the  anode-cathode  gap,  the  number  of  prepuise  in¬ 
sulators,  and  the  anode  structure  The  AK  gap  study  was 
aimed  at  ion-production-efficiency  scaling.  The  prepulse  in¬ 
sulator  was  varied  to  examine  the  effects  of  a  large  prepulse 
on  the  diode  impedance.  The  anode  structure  study  was 
made  to  evaluate  the  importance  of  electron  reflexing 
through  the  anode. 

The  AK  gap  study  consisted  of  five  shots  with  gaps 
ranging  from  2.3  to  7.0  cm.  For  gaps  greater  than  4.8  cm,  the 
voltage  and  current  traces  did  not  change  significantly  with 
the  gap  spacing.  For  gaps  less  than  4  cm,  the  voltage  rise  time 
and  peak  value  did  not  change,  but  the  voltage  decayed  more 
rapidly  after  the  peak.  For  example,  the  full  width  at  half¬ 
maximum  of  voltage  Va  dropped  from  about  160  ns  for  gaps 
greater  than  4.8  cm  to  about  100  ns  for  a  2.8-cm  gap.  Like¬ 
wise  the  peak  current  as  measured  by  IT  was  30  kA  higher 
for  the  small  gap.  These  observations  indicate  that  the  diode 
impedance  is  falling  rapidly  during  the  latter  half  of  the 
pulse.  The  ion  diagnostics  showed  a  decrease  in  the  number 
of  neutrons  and  34mCl  nuclei  produced  for  smaller  gaps  [see 
Fig.  13(a)].  No  energetic  neutrons  were  observed  in  the  TOF 
detector  for  gaps  less  than  4. 8  cm.  The  decrease  in  neutron 
and  34mCl  production  may  be  due  to  either  the  production  of 


FIG.  13.  Dependence  of  the  cathode  activation 
I  J4™C1!  and  neutron  production  (Rh  and  Mn  de¬ 
tectors!  on  |a|  the  anode-cathode  gap  and  Ibi  the 
number  of  prepulse  insulators. 
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fewer  ions  or  to  a  reduced  voltage  across  the  diode.  The  TOF 
measurements  indicate  that  it  is  probably  the  latter.  In  this 
case,  the  strong  energy  dependence  of  the  cross  sections  for 
these  diagnostics  causes  the  reduced  outputs. 

One  constraint  on  the  efficient  coupling  of  a  low-imped¬ 
ance  diode  to  the  Aurora  generator  is  the  presence  of  a  pre¬ 
pulse  in  the  diode.  An  oscillating  prepulse  of  150-200  kV 
peak  voltage  and  about  1-^s  period  was  measured  on  the 
vacuum  transmission  line  beginning  about  2  /us  before  the 
main  voltage  pulse.  Prepulse  can  cause  anode  and  cathode 
plasmas  to  form  and  begin  to  close  the  diode  gap.  As  a  conse¬ 
quence,  the  diode  may  short  out  prematurely  when  the  main 
pulse  appears  at  the  diode.  To  minimize  this  effect,  an  insula¬ 
tor  flashover  switch  was  located  behind  the  cathode  (see  Fig. 

4)  to  capacitively  attenuate  the  prepulse  level  at  the  diode.  By 
changing  the  number  of  insulators  in  this  switch,  the  pre¬ 
pulse  voltage  on  the  diode  could  be  decreased  by  an  order  of 
magnitude.  Shots  were  taken  with  0,  2,  4,  and  6  insulators  in 
this  switch,  for  a  5-cm  AK  gap.  The  diode  behavior  was 
similar  for  4  and  6  insulators.  For  2  insulators,  the  rise  of  the 
main  voltage  pulse  Va  to  its  peak  did  not  change  significant¬ 
ly,  but  after  the  peak,  the  voltage  collapsed  rapidly.  For  no 
insulators  (no  prepulse  switch),  the  voltage  nse  time  in¬ 
creased.  the  peak  voltage  decreased  by  about  1  MV,  and  a 
rapid  decay  followed  the  peak  and  shortened  the  pulse  to  1 35 
ns  FWHM.  For  the  configurations  with  none  and  two  insu¬ 
lators,  peak  diode  currents  of  about  230  kA  were  well  above 
the  average  of  190  kA  for  the  entire  run,  indicating  lower- 
impendance  operation.  Also,  no  energetic  neutrons  were  ob¬ 
served  in  the  TOF  detector  tor  these  two  insulator  configura¬ 
tions.  The  dependence  of  the  neutron  intensity  and  cathode 
activatic  <  measurements  on  the  number  of  insulators  in  the 
prepulse  switch  is  shown  in  Fig.  13(b).  The  decrease  in  neu¬ 
tron  and  34o,Cl  production  is  consistent  with  lowering  of  the 
diode  voltage  due  to  gap  closure. 

Ion  production  in  these  experiments  depends  on  the  in¬ 
teraction  of  electrons  with  the  anode  foil.  Reflexing  of  elec¬ 
trons  through  the  anode  foil  may  enhance  ion  production.  In 
these  negative-polarity  experiments,  the  CH:  anode  foil  acts 
as  a  ground  plane  as  well  as  a  plasma  source  for  ions  (see  Fig. 

5) .  Electrons  from  the  cathode  may  reflex  through  the  anode 
foil  due  to  the  magnetic  field  produced  by  current  in  the 
anode  stalk.  The  gyroradius  of  5-MeV  electrons  in  the  mag¬ 
netic  field  at  the  cathode  radius  resulting  from  a  150-kA 
current  is  about  3  cm.  For  an  anode  stalk  longer  than  3  cm. 
electrons  can  reflex  through  the  anode  without  interacting 
with  the  aluminum  plate  supporting  the  anode.  In  addition, 
a  virtual  cathode  may  be  formed  in  the  vacuum  region  be¬ 
hind  the  support  plate  and  reflect  electrons  back  toward  the 
anode.  These  two  potential  reflexing  mechanisms  comple¬ 
ment  one  another. 

Several  shots  with  different  anode  structures  were  made 
to  examine  the  role  of  electron  reflexing  in  the  diode.  First,  a 
series  of  shots  with  anode  stalk  lengths  ranging  from  3  to 
1 2.3  cm  was  made  for  AK  gaps  of  5  cm.  No  significant  differ¬ 
ences  in  the  voltage,  current,  neutron  output,  and  34niCl  pro¬ 
duction  were  observed.  X-ray  pinhole  images  indicated  that 
the  longer  stalks  were  radiating  along  their  entire  length. 
This  suggests  that  current  is  being  conducted  along  the  an¬ 


ode  stalk  to  the  aluminum  support  plate.  Finally,  shots  were 
taken  with  the  anode  foil  placed  directly  on  the  anode  sup¬ 
port  plate  and  the  thickness  of  the  support  plate  adjusted  to 
allow  or  suppress  electron  reflexing.  The  aluminum  support 
plate  thickness  was  increased  to  3  mm  (from  1.5  mm)  and 
backed  with  a  13-mm-thick  carbon  plate  to  suppress  elec¬ 
tron  reflexing.  Under  this  condition  the  neutron  yield  was 
reduced  by  about  one-half  of  that  measured  on  shots  with  a 
thin  support  plate.  These  observations  indicate  that  electron 
reflexing  is,  at  best,  only  weakly  enhancing  the  ion 
production. 

V.  SUMMARY  OF  RESULTS 

The  ion  diode  experiments  on  Aurora  described  in  this 
paper  have  produced  up  to  5  X  10 16  protons  with  energies  of 
about  5  MeV  and  proton  pulse  durations  of  up  to  1 60  ns.  The 
corresponding  average  proton  current  is  >50  kA  or  20 %  of 
the  total  current  in  the  diode.  These  numbers  give  about  40- 
kJ  energy  in  the  proton  beam.  The  20%  ion  generation  effi¬ 
ciency  is  in  agreement  with  computer  simulations.  In  addi¬ 
tion  to  protons,  a  carbon-ion  component  of  greater  than 
3  x  10 14  ions  was  extracted  from  the  CH2  anode  foil.  The 
energy  of  these  ions  was  not  determined,  but  their  number 
may  be  larger  depending  on  their  charge  state  and  hence 
their  energy. 

The  enhancement  of  the  ion-production  efficiency  over 
the  Child-Langmuir  limit  is  attributed  to  increased  electron 
lifetime  in  the  diode.  Previous  experiments1  with  pinch  re¬ 
flex  diodes  have  indicated  enhanced  ion  production  can  re¬ 
sult  from  electron  reflexing  through  an  anode  foil.  However, 
it  was  demonstrated  that  electron  reflexing  is  not  the  domi¬ 
nant  enhancement  mechanism  in  the  present  experiments. 
Experimentally,  the  electron  beam  pinches  on  the  anode, 
and  the  ions  appear  to  originate  primarily  from  a  small  area 
(2— t  cm*)  on  the  anode  axis.  Both  of  these  results  are  sup¬ 
ported  by  computer  simulation.  Moreover,  the  simulation 
indicates  that  electrons  in  the  diode  undergo  complicated 
figure-eightlike  orbits. 

Analysis  of  the  shadowbox  measurements  indicates 
that  the  ions  have  a  relatively  large  divergence  from  a  local¬ 
ized  region  on  axis  within  the  anode-cathode  gap.  This  result 
suggests  some  focusing  mechanism  at  work  in  the  diode. 
These  observations  are  consistent  with  the  computer 
simulations. 

Experiments  with  various  prepulse  switches  and  AK 
gaps  indicate  that  the  diode  is  sensitive  to  the  prepulse  volt¬ 
age  level  in  the  25-200-kV  range.  Gap  closure  may  have 
occurred  late  in  the  pulse  for  AK  gaps  less  than  4  cm  or  for 
large  prepulse  levels.  Such  closure  can  result  from  the  mo¬ 
tion  of  anode  or  cathode  plasmas  produced  by  the  prepulse 
1.5  fis  before  the  main  voltage  pulse. 

The  5-MeV  proto  •>  beam  in  this  experiment  was  direct¬ 
ed  onto  a  LiC!  target  tc  provide  an  intense  neutron  source 
through  the  'Lil p,n)  "Be  reaction.  Neutron  intensities  of  up 
to4.3x  10"  neutrons/sr/pulse  were  measured  at  155  “in  the 
laboratory.  This  corresponds  to  1.8  X  10 12  neutrons/sr/ 
pulse  at  0  ’  based  on  the  thick-target  yields  for  this  reaction 
(see  Fig.  10).  The  angle-integrated  neutron  intensity  is  1013 
neutrons/pulse.  These  neutron  yields  could  be  increased  by 


6092 


J.  Apoi.  Phys.,  Vol.  52.  No.  10,  Octooer  1981 


Meger,  et  ai. 


6092 


1 


a  factor  of  5  by  replacing  the  LiCl  target  with  a  pure  lithium 
target. 
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ABSTRACT 

There  is  presently  great  interest  in  using  light  ion  beams  to 
drive  thermonuclear  pellets.  Terrawatt-level  ion  beams  have  been 
efficiently  produced  using  conventional  pulsed  power  generators  at 
Sandia  Laboratory  with  magnetically- insulated  ion  diodes  and  at 
the  Naval  Research  Laboratory  with  pinch-reflex  ion  diodes.  Both 
laboratories  have  recently  focused  ion  beams  to  pellet  dimensions. 
This  paper  reviews  recent  advances  made  at  NRL  in  the  area  of  ion 
production  with  pinch-reflex  diodes,  and  in  the  areas  of  beam 
focusing  and  transport.  In  addition,  modular  generator  and  beam 
requirements  for  pellet  ignition  systems  are  reviewed  and  compared 
with  the  latest  experimental  results.  These  results  include  the 
following:  (1)  production  of  a  100  kJ  proton  and  deutero.u  beams 

with  peak  ion  powers  approaching  2  TW  on  the  PITHCN  generator  in 
collaboration  with  Physics  International  Co.,  (2)  focusing  of 
0.5  TW  deuteron  beams  produced  on  the  NRL  Gamble  II  generator  to 
current  densities  of  about  300  kA/cm^,  and  (3)  efficient  transport 
of  100  kA  level  ion  beams  over  1  meter  distances  using  Z-discharge 
plasma  channels. 
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1 .  INTRODUCTION 

The  use  of  light  ion  beams  (protons,  deuterons,  etc.)  for 
inertial  confinement  fusion  has  been  seriously  pursued  following  th< 
theoretical  prediction3-3  and  the  experimental  documentation4,  that 
small-area  diodes  ('v  100  cm2)  can  be  used  to  generate  ion  beams 
efficiently  at  the  megavolt-megampere  level.  Soon  after  this, 
results  of  ballistic  beam  focusing  experiments  were  presented3  and 
a  technique  for  transporting  ions  in  a  plasma  Z-discharge  was  intro¬ 
duced0.  Recently,  terrawatt-level  ion  beams  with  focused  ion  current 
densities  in  excess  of  100  kA/cm3  have  been  produced  using  water- 
dielectric  transmission-line  generators  at  Sandia  Laboratories  (SAND!? 
with  magnetically- insulated  ion  diodes7  and  at  the  Naval  Research 
Laboratory  (NRL)  with  pinch-reflex  ion  diodes3. 

Target  designs  for  light  ion  beams3  call  for  delivery  of  about 
2  MJ  to  an  'v  1  cm  diameter  pellet  in  an  v  io  ns  time  scale  in  order 
to  achieve  high-gain  thermonuclear  ignition.  Present  pulsed  power 
technology  provides  up  to  10  TW  single  generator  modules  from  which 
up  to  300  kJ  of  ions  can  be  extracted  in  50-100  ns.  Thus,  a  large 
number  of  modules  and  the  means  to  transport  energy  from  these 
modules  onto  the  pellet  are  needed.  Additionally,  compression  of  th< 
pulse  to  the  pellet-implosion  time-scale  is  required. 

Two  different  approaches  addressing  these  problem  areas  have 
emerged.  An  approach  researched  by  SANDIA33  involves  puised-pcwer 
techniques  for  shortening  the  accelerating-voltage  pulse,  and  self- 
magnetically  insulated  flow  of  electromagnetic  energy  in  vacuum 
transmission  lines  which  terminate  in  small  ion  diodes  close  to  the 
pellet.  Packing  of  transmission  lines  near  the  target,  coupling  of 
diodes  to  the  lines,  and  ion-beam  focusability  will  be  investigated 
with  the  36  short  pulse,  1  TW  PBFA  I  modules  now  in  construction  at 
SANDIA.  For  pellet  ignition,  this  approach  will  require  on  the  ordej 
of  100  modules. 

A  second  approach,  researched  by  NRL,  involves  the  extraction 
and  focusing  of  beams  from  self-insulated  pinch-reflex  ion  diodes, 
coupled  with  transport  of  these  focused  beams  in  'v  1  cm  diameter 
Z-discharge  transport  channels.  Pulse  compression  during  transport 
to  the  pellet-implosion  time-scale  is  achieved  by  increasing  the 
accelerating  voltage  with  time.  These  techniques  are  appropriate 
for  modules  operating  up  to  the  10  TW  level  with  a  50-100  ns  pulse 
duration.  The  number  of  modules  required  for  this  approach  is  on 
the  order  of  10. 

In  the  present  report,  major  results  of  a  combined  experimental 
and  theoretical  study  of  the  second  approach  are  reviewed  with  con¬ 
centration  on  recent  advances  made  at  NRL  in  the  area  of  ion  produc¬ 
tion  using  pinch-reflex  diodes,  and  in  the  areas  of  beam  focusing 
and  transport. 
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Fig.  1.  Conceptual  schematic  of  NRL  Light-Ion  Inertial  Confinement 
Fusion  Approach. 


A  conceptual  schematic  cf  the  NRL  approach  is  shown  in  Fig.  1. 
The  diode  and  transport  system  together  with  the  pulsed  power  genera¬ 
tor  (not  shown)  is  one  module  of  a  multi-module  pellet-ignition 
system.  A  pinch-reflex  ion  diode  10  cm  in  diameter)  produces  the 
ions  and  properly  aims  them  towards  the  transport  system  entrance 
aperture.  The  ion  beam  then  free  streams  in  a  gas -filled  chamber 
towards  an  1  cm  diameter  focus.  The  gas  in  the  drift  region  allows 
the  ion  beam  to  be  highly  charge-  and  current-neutralized.  Inside 
the  channel,  the  ions  are  confined  radially  by  the  azimuthal  magnetic 
field  produced  by  the  discharge  of  an  external  capacitor  bank.  The 
u  50  kA  current  in  the  channel  is  sufficient  to  provide  radial  con¬ 
finement  for  ions  entering  the  channel  with  transverse  velocities 
below  about  15%  of  their  axial  velocity.  The  plasma  density  in  the 
channel  must  be  sufficiently  high  to  provide  inertial  resistance  to 
channel  expansion  forces  during  beam  transit  and  sufficiently  low 
to  prevent  excessive  energy  loss  of  the  beam  during  transport.  Beam 
power  multiplication  of  about  a  factor-of-five  is  achieved  during 
transport  to  the  pellet  by  ramping  the  accelerator  voltage  in  time. 
Beams  emerging  from  the  channel  propagate  the  last  few  centimeters 
to  the  pellet  with  low  divergence  because  of  the  small  transverse 
velocity.  Several  ion  beams  can  then  be  overlapped  onto  the  pellet. 

The  second  section  of  this  paper  discusses  ion  production  in 
pinch-reflex  ion  diodes  including  recent  axoeriments--1-  in  collabo¬ 
ration  with  Physics  International  Co.  on  the  PITHON  generator.  In 
these  experiments,  greater  than  100  kJ  of  protons  and  deuterons  were 
produced  with  peak  ion  powers  approaching  2  TW.  In  Sec.  3,  the 
self-focusing  of  ion  beams  with  planar  diode  geometries  is  reviewed 
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and  ion  focusing  experiments  with  curved  geometries  are  reviewed  in 
Sec.  4.  In  these  experiments,  0.5  TW  deuteron  beams  produced  on  the 
NRL  Gamble  II  generator  were  focused  to  current  densities  of  about 
300  kA/cm2.  In  Sec.  5,  the  numerical  simulation  of  pinch-reflex 
ion  diodes  is  discussed.  Theoretical  work  on  ion  orbits  in  the 
transport  channel  is  reviewed  in  Sec.  6,  and  in  Sec.  7  results  of 
recent  transport  experiments  are  discussed.  In  these  experiments, 
high  current  ion  beams  have  been  efficiently  transported  1  meter 
distances  using  2-discharge  plasma  channels.  The  MHD  response  of 
the  channel  induced  by  beam  passage  is  then  considered  in  Sec.  8. 

In  Sec.  9,  bunching  of  ion  beams  in  transport  channels  is  briefly 
discussed.  Finally,  the  results  of  this  research  are  used  to  deter¬ 
mine  a  range  of  system  parameters  which  are  appropriate  for  driving 
high-gain  pellets  with  proton  or  deuteron  beams. 

2 .  ION  PRODUCTION 

Self-pinched  electron  flow  and  laminar  ion  flow  in  a  large- 
aspect-ratio  electron-beam  diode  are  conceptually  illustrated  in 
Fig.  2.  After  an  initial  phase  leading  to  self-pinched  flow^2,  the 
electrons  primarily  originate  from  the  edge  of  the  cathode  and  flow 
under  the  dominant  influence  of  the  self -magnetic  fields  towards 
the  diode  axis  ending  up  in  a  tight  pinch  at  the  center  of  the  anode 
plane.  The  ions,  which  are  primarily  protons  originating  from  the 
desorbed  gases  making  up  the  anode  plasma,  are  only  slightly  bent 


Fig.  2.  Conceptual  schematic  of  electron  and  ion  flow  in  large- 
aspect-ratio  (R  >>  d)  vacuum  diode. 
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by  the  diode's  self -magnetic  fields  due  to  their  heavier  mass.  Thus 
ions  flow  in  almost  straight  lines  toward  the  cathode  as  they  accel¬ 
erate  up  to  the  diode  voltage.  The  enhanced  ion  currents  come  about 
because  of  the  additional  electron  space  charge  in  the  diode  caused 
by  the  large  electron  path  length  (R)  relative  to  the  ion  path  length 
(d) .  For  the  simple  diode  configuration  shown  in  Fig.  2  analytical 
theory  predicts1  and  numerical  simulation  confirms13  an  ion  to  elec¬ 
tron  current  ratio  of 


where  R  is  the  diode  radius,  d  is  the  anode-cathode  gap  spacing, 

V  is  the  diode  voltage  and  mj_  is  the  ion  mass. 

Early  experimental  results14  with  R  =  6  cm  and  d  =  0.4  cm 

giving  (Ij/Ia)  ^  1/2  were  in  excellent  agreement  with  this  theory. 
These  demonstrated  0.3  MeV  proton  currents  of  up  to  200  kA.  Using 
spherical  section  electrode  structures, focused  aeuteron  current 
densities  of  up  to  70  kA/cm^  were  obtained13.  These  early  results 
were  obtained  at  0.5  TW  with  the  Gamble  II  generator  operated  for 
the  first  time  in  positive  polarity.  In  positive-polarity  operation, 
the  cathode  is  mounted  on  the  door  of  the  generator  so  that  ions 
accelerated  through  the  diode  potential  can  be  injected  into  a  drift 
tube  region  through  a  thin  cathode  transmission  foil. 

In  the  most  recent  positive  polarity  experiments3  on  upgraded15 
Gamble  II  at  1.5  TW,  60%  conversion  efficiency  from  generator 
power  to  ion  power  was  achieved  using  the  refined  diode  design 
illustrated  in  Fig.  3.  A  thin  CH2  foil  stretched  across  a  dielec¬ 
tric  ring  is  electrically  connected  to  the  positive  electrode  by  a 
1  cm-diameter  red  on  the  diode  axis.  Plasma  formation  due  to  surface 
flashover  causes  the  plastic  foil  to  become  a  conductor  early  in  the 
pulse  and  provides  a  source  of  ions.  This  geometry  enhances  ion 
emission  by  increasing  the  electron  path  length  (and  therefore  life¬ 
time)  relative  to  that  of  ions  by  forcing  the  electrons  to  reflex 
through  the  thin  foil  as  they  pinch  in  radially.  This  reflexing  is 
not  due  to  spatial  charge  building  up  in  the  vacuum  gap  behind  the 
foil  because  this  is  quickly  neutralized  by  ions  from  the  anode 
plasma.  Rather,  it  is  due  to  the  azimuthal  self-magnetic  field 
caused  by  the  return  current  flow  through  the  center  conductor. 

Thus,  electron  reflexing  is  magnetically  induced  behind  the  foil. 

In  front  of  the  foil,  the  electrons  reflex  in  the  self-consistent 
diode  fields.  The  ions  that  are  produced  on  the  back  of  the  anode 
foil  do  not  carry  diode  current  because  the  back  plate  is  at  anode 
potential.  Results  of  the  numerical  simulation  of  this  diode 
configuration  will  be  presented  in  Sec.  5. 
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Fig.  3.  Pinch-reflex  diode  schematic. 


Typical  diode  electrical  characteristics  are  shown  in  Fig.  4a 
for  a  6  cm  cathode  radius,  a  0.4  cm  anode-cathode  gap  spacing,  and 
a  0.5  cm  vacuum  gap  behind  the  0.01  cm  CH2  anode  foil.  Ion  currents 
of  500  JcA  have  been  measured  with  1  MA  total  diode  currents.  This 
corresponds  to  an  average  source  _cn  current  density  of  5  kA/cm2. 
After  passing  through  a  phase  associated  with  establishing  the 
charged-particle  flow  illustrated  in  Fig.  3,  the  diode  impedance 
remains  well  matched  to  the  1.5  ohm  output  impedance  of  the  Gamble 
II  generator.  Closure  of  the  anode-cathode  gap  due  to  electrode 
plasma  motion  usually  occurs  near  the  end  of  the  electrical  power 
pulse.  The  diode  impedance  can  be  adjusted  by  varying  the  cathode 
emitting  area,  the  anode-cathode  gap  spacing,  or  the  applied  voltage. 
The  natural  voltage  ramp  which  occurs  demonstrates  that  accelerating 
voltages  appropriate  for  ion  bunching  during  transport  to  fusion 
pellets  can  be  achieved  with  these  generators.  The  net  current 
signal  (the  current  entering  the  cathode  foil)  is  interpreted  as  the 
total  ion  current  flowing  in  the  anode  cathode  gap.  The  location 
of  the  Rogowski  coil  used  to  make  this  measurement  will  be  illus¬ 
trated  later  in  Fig.  6.  On  a  few  selected  shots,  the  measured  net 
current  exceeded  700  kA  at  1.3  MV  out  of  1.1  MA  of  total  diode 
current.  Carbon  activation^-7  by  proton  beams  indicates  that  greater 
than  50%  of  the  net-current  signal  is  due  to  protons.  The  interpre¬ 
tation  of  these  results  is  limited  by  an  unknown  correction  for 
deuteron  activation.  When  the  anode  is  coated  with  CD2,  neutron 
time-of-flight  measurements  show  that  greater  than  50%  of  the  net 
current  takes  the  form  of  deuterons.  Up  to  1022  neutrons  have 
been  measured  on  Gamble  II.  This  data  is  consistent  with  ion 


NRL  LIGHT  ION  SEAM  RESEARCH 


diode  current 


diode  current- 


40  30  120  160 

tins) — 


Fig.  4.  Diode  electrical  characteristics  for  (a)  Gamble  II  and 
(b)  PITHON. 


energies  of  at  most  300  kv  lower  than  the  diode  voltage  of  1.3  MV. 
Several  mechanisms  are  being  investigated  as  a  source  of  this  loss. 

11 

In  the  most  recent  ion  production  experiments  ,  a  pinch-reflex 
ion  diode,  similar  to  that  used  on  Gamble  II  (Fig.  3),  was  successfully 
operated  at  3  TW  on  the  Physics  International  PITHON  generator.  The 
main  difference  between  the  geometry  used  on  Gamble  II  and  that  used 
on  PITHON  was  that  PITHON  presently  only  operates  in  the  normal 
negative  polarity  mode.  Because  the  cathode  was  now  at  a  2  MV  poten¬ 
tial,  this  required  special  techniques  to  be  able  to  both  read  out 
the  ion  current  monitors  and  to  fill  the  drift  region  behind  the 
cathode  with  gas.  Deuteron  current  measurements  were  made  in  the 
conventional  manner  by  coating  the  anode  foil  with  CD2  and  using 
both  nuclear  activation  and  time-of-flight  neutron  detectors  to 
detect  the  neutrons  produced  from  a  (greater  than  one  range  thick) 

CD2  target  placed  behind  the  cathode. 

Typical  diode  electrical  characteristics  are  shown  in  Fig.  4b 
for  a  6  cm  cathode  radius,  a  0.3  cm  anode-cathode  gap  spacing,  and 
a  0.5  cm  vacuum  gap  behind  the  0.01  cm  CH2  anode  foil.  Peak  diode 
voltages  of  2  MV  at  1.5  MA  diode  currant  were  obtained  with  flat 
impedance  behavior  even  though  the  pulse  length  was  almost  twice  as 
long  as  that  on  Gamble  II.  Ion  currents  of  up  to  1  MA  were  obtained 
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corresponding  to  peak  ion  powers  approaching  2  TW.  Over  100  kJ  of 
ions  were  produced  out  of  just  over  200  kJ  of  electrical  energy 
delivered  to  the  diode.  Impedance  control  and  electrical  reproduc¬ 
ibility  were  excellent.  When  deuterons  were  produced,  the  neutron 
yield  approached  lO^3  from  the  D-D  and  D-carbon  reactions  occurring 
in  the  CD2  target. 

As  will  be  discussed  in  the  last  section,  the  voltage  and  ion 
currents  produced  on  PITHON  are  in  the  range  for  a  single  module  of 
a  multi-module  pellet  ignition  system.  The  long  impedance  lifetimes 
and  high  reproducibility  associated  with  the  'v  1  cm  gaps  between  the 
anode  and  cathode  transmission  foil  indicates  that  programmed-voltage 
waveforms  for  beam  bunching  during  transport  can  be  employed.  Focus 
perturbing  effects  associated  with  time  varying  39  fields  in  the 
diode  region  can  be  controlled  for  these  ^  1  cm  diode  gap  by  elec¬ 
trode  shaping  and  naturally  occurring  gap  closure  as  discussed  in 
the  next  section. 

3.  ION  FOCUSING  IN  PLANAR  GEOMETRY 

The  processes  believed  to  be  important  in  ion  focusing  are  sche¬ 
matically  illustrated  in  Fig.  5.  Ions  traversing  the  vacuum  gap 
are  radially  accelerated  inward  by  the  azimuthal  magnetic  field  of 
the  diode  current  flow.  ?article-in-cell  codes  predict  that  the 
predominant  electron  flow  in  the  diode  is  close  to  the  anode  surface 
where  most  of  the  potential  drop  across  the  diode  takes  place.  Thus, 
the  electron  current  contributes  to  the  angular  deflection  of  ions 
only  for  a  small  fraction  of  the  vacuum  space.  The  ions  are  radially 
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Fig.  5.  Light  ior  focusing  schematic. 
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accelerated  primarily  by  their  own  current.  If  the  ion  current 
density  were  approximately  uniform  over  the  anode  surface,  then  the 
resulting  linear  3<j(r)  would  cause  the  ions  to  be  pointed  towards 
an  approxiraately-commcn  focus  as  they  enter  the  cathode  transmission 
foil.  Scattering  during  passage  through  the  1.8  ym  polycarbonate 
(KIMFOL)  foil  is  about  20  mrad  for  1  Me'/  protons.  3eam  induced 
breakdown  of  the  low  pressure  gas  filling  the  drift  region  to  the 
right  of  the  cathode  foil  allows  beam  current  neutralization.  The 
magnetic  field  acting  on  the  ions  is  reduced  by  a  factor  of  50  by 
this  neutralization.  The  ions  have  therefore  nearly  straight-line 
trajectories  in  this  region  and  free  stream  towards  the  focus. 

One  major  limitation  to  tight  focusing  is  asymmetry  in  power 
and  charged  particle  flow  in  the  diode.  This  can  be  overcome  by 
careful  experimental  design  which  results  in  well-centered  electron 
pinches  and  centered  symmetric  ion  focal  spots.  Another  major 
limitation  is  the  actual  radial  distribution  of  ion  current  which 
may  direct  ions  emitted  at  different  radii  to  different  foci.  In 
principle,  for  a  given  diode  voltage  and  current,  the  shapes  of 
the  anode  and  cathode  surfaces  can  be  adjusted  to  correct  for  focus- 
perturbing  effects  of  non-uniform  ion  current  distributions.  For 
instance,  the  launch  angle  can  be  changed  by  curving  the  anode  sur¬ 
face.  The  radial  deflection  due  to  diode  magnetic  fields  can  also 
be  changed  by  varying  the  axial  position  of  the  cathode  foil  as  a 
function  of  radius.  The  anode-foil  thickness  can  also  be  varied  as 
a  function  of  radius  to  vary  the  degree  of  electron  reflexing  and 
thus  control  the  emitted  ion  current  profile.  A  final  major  limita¬ 
tion  to  tight  focusing  is  the  time  variation  in  the  focusing  magnetic 
fields  which  cause  a  change  in  focus  location  with  time.  This  effect 
can  be  partially  offset  by  the  natural  reduction  of  the  anode- 
cathode  (AX1  gap  due  to  electrode  plasma  motion.  Thus,  as  the  diode 
current  increases,  the  increasing  radial  acceleration  of  the  ions 
can  be  offset  by  the  reduction  of  AK  gap  with  time.  In  principle, 
both  the  initial  AK  gap  spacing  and  the  cathode  foil  material  could 
be  chosen  to  minimize  this  time  variation  effect. 

Long  focal  lengths  (i.e.  large  f-numbers)  are  achieved  by  mag¬ 
netic  self-focusing  acting  alone  in  a  flat-anode  geometry.  This 
configuration  is  employed  to  inject  ions  into  transport  channels 
since  larger-angle  injection  requires  excessive  transport-channel 
currents.  Spherically-curved  anodes  in  conjunction  with  self- 
magnetic  forces  are  used  to  obtain  shorter  focal-lengths  appropriate 
for  target  studies  with  the  highest-focused  current  densities. 

Three  sets  of  focusing  experiments  in  planar  geometry  were 
performed  on  Gamble  II  with  electrical  characteristics  similar  to 
those  of  Fig.  4a. 
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Fig.  6.  Self-focusing  in  planar  geometry  with  no  cathode  foil. 


The  first  self-focusing  experiments  were  performed  wifh  the 
planar  diode  geometry  illustrated  in  Fig.  6  where  a  0.01  cm  thick 
CH2  anode  foil  stretched  across  a  dielectric  ring  was  used  with  a 
12  cm  diameter  hollow  cathode  without  a  cathode  transmission  foil. 

The  ion  beam  was  observed  to  self-focus  5  cm  from  the  anode  as 
indicated  by  the  1  cm2  -ear  surface  spall  produced  on  a  0.16  cm 
thick  aluminum  witness  plate.  No  spall  was  observed  when  the  witness 
plate  was  placed  a  few  centimeters  to  either  side  of  this  position. 
The  focus  location  was  in  agreement  with  self-consistent  analytical 
and  numerical  calculations  for  the  self-focusing  of  a  500  kA,  1.3  MV 
proton  beam.  These  calculations  consist  of  solving  ion  orbit  equa¬ 
tions  in  the  diode  electromagnetic  fields  (determined  from  current 
and  voltage  measurements)  and  in  the  focusing/drift  region  magnetic 
fields  (determined  from  net  current  measurements) . 

In  the  second  set  of  self-fogusing  experiments,  the  1.8  um 
thick  cathode  foil  was  placed  at  4  mm  from  the  cathode  face  as  shown 
in  Fig.  7,  and  the  drift  tube  wa=  evacuated.  A  Rogowski  coil  in  the 
evacuated  drift  tube  measured  c.  net  current  of  about  t  the  total  ion 
current.  The  ion  self-focus,  as  determined  from  the  rear  surface 
spall  of  the  witness  plate,  moved  from  6  cm  to  about  12  cm  from  the 
anode  plane,  again  consistent  with  the  predicted  location  for  this 
reduced  net  current  in  the  drift  section.  The  origin  and  nature  of 
this  net  current  has  been  discussed13. 
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Fig.  7.  Self-focusing  in  planar  geometry  with  cathode  foil  and 
evacuated  drift  tube. 

The  final  self-focusing  experiments  were  performed  with  the 
cathode  foil  2.8  cm  from  the  anode  and  with  the  drift  tube  region 
behind  the  foil  filled  with  2  Torr  of  air.  The  large  separation 
between  the  anode  and  the  cathode  foil  insured  that  negligible  elec 
tron  current  flowed  from  the  cathode  foil  to  the  anode.  This  exper 
raent  is  illustrated  in  Fig.  8.  The  cathode  foil  was  bowed  by  the 
air  pressure  in  the  drift  tube.  The  Rogowski  coil  surrounding  the 
cathode  foil  support  structure  monitored  the  total  current  flowing 
into  the  cathode  foil.  The  second  Rogowski  coil  in  the  drift  tube 
read  less  than  2%  cf  the  current  read  by  the  first  for  drift 
tube  pressures  between  0.2  to  3  Torr.  With  gas  in  the  drift 
section,  an  aluminum  witness  plate  placed  at  the  20  cm  predicted 
focus  location  showed  a  3  cm  diameter  rear  surface  spall.  Computer 
analysis  predicting  ion  orbits  indicates  that  the  2-3  cm  diameter 
focus  spot  size  is  consistent  with  axial  motion  of  the  best-focus 
location  due  to  the  time  variation  of  diode  current  and  voltage. 
That  is,  although  the  current  and  voltage  values  may  be  appropriate 
for  tight  focusing  at  peak  power,  the  beam  is  under-focused  early 
and  over-focused  late  in  time.  Wo  spall  occurred  a  few  centimeters 
to  either  side  re  this  position  and  moving  the  cathode  foil  moved 
the  focus  location  as  predicted.  It  is  important  to  note  that 
damage  patterns  associated  with  focusing  in  the  neutralizing  gas 
backgrounds  of  this  last  set  of  experiments  were  typically  well 
centered  and  symmetrical,  whereas, focal  spots  obtained  in  vacuum 
display  azimuthal  irregulatiries  and  beam  filamentation.  Aluminum 
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Fig.  3.  Self-focusing  in  planar  geometry  with  cathode  foil  and 
gas  in  drift  tube. 


Ka  x-ray  pinhole  photographs  showed  a  peak  current  density  of  abou 
50  kA/cm“ . 


4.  ION  FOCUSING  IN  CURVED  GEOMETRY 

In  order  to  achieve  high  ion  current  densities  for  bean  target 
experiments,  a  0.025  cm  thick  spherical-section  plastic  anode  foil 
with  a  12.7  cm  radius  of  curvature  was  used.  As  shown  in  Fig.  9, 
the  same  cathode  geometry  previously  shown  was  employed  except  for 
the  closer  proximity  of  the  thin  cathode  transmission  foil  to  the 
cathode  surface.  In  this  short-focal-length  geometry,  the  ion 
launching  angle  dominates  over  the  magnetic  deflection  in  the  dicde. 
Focal  spot  broadening  due  to  radial  and  temporal  field  effects  is 
thus  minimized.  Aluminum  witness  plates  placed  at  the  best  focus 
location  exhibit  smaller  area  spall  patterns  (1-1.5  cm  diameter) 
than  in  flat  geometry  with  gas.  When  the  anode  was  coated  with 
CD2,  the  observed  focus  was  close  to  the  geometric  focus  because  of 
the  small  magnetic  deflection  of  deuterons.  3y  using  small  C02 
targets  and  measuring  neutrons  from  D-D  and  D-carbon  reactions  with 
activation  counters  and  time-of-flight  detectors,  peak  deuteron 
current  densities  of  about  300  kA/cm2  over  0.5-1  cm2  were  inferred. 
Typical  neutron  yields  were  a  fraction  of  1022  neutrons. 

Important  new  experimental  results  for  focusing  are  provided 
by  a  pinhole  shadowbox  diagnostic  shown  in  Fig.  10.  Small  ion 
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Fig.  9.  Geometric  focus  experiments. 
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beamlets  are  produced  by  masking  off  all  of  the  beam  drifting 
in  the  neutralizing  background  except  for  that  portion  emerging 
through  1  mm  diameter  holes  placed  along  two  diameters  at  right 
angles.  Damage  patterns  produced  on  a  aluminum  witness  plate  1  cm 
behind  the  pinhole  array  (shown  as  solid  spots  in  the  figure)  allow 
one  to  determine  ballistic  orbits  for  ions  entering  pinholes  at 
various  radii.  When  the  shadowbox  is  placed  further  from  the  diode 
than  the  center  of  the  ion  focus,  these  orbits  cam  be  projected 
from  the  damage  spots  back  through  the  pinhole  to  the  focus.  These 
are  shown  as  dashed  lines  in  the  figure.  In  this  manner,  the  best 
focus  location  and  the  radial  dependence  of  ion  deflection  angle  cal 
be  determined.  Additionally,  the  radial  extent  (typically  a  few 
millimeters)  of  each  damage  pattern  reflects  the  time-variation  of 
deflection  angle  due  to  time-varying  diode  fields.  The  preliminary 
Gamble  II  results  with  protons  demonstrate  that  radial  deflections 
or  damage  patterns  (shown  in  Figure  10)  are  consistent  with  the 
measured  focus  location.  Diode  deflection  angles  were  found  to  be 
roughly  proportional  to  radius.  Also,  the  significantly  smaller 
observed  azimuthal  extent  of  damage  compared  with  the  radial  extent 
of  damage  suggests  that  with  proper  aspheric  anode  and  cathode 
shapes,  focusing  of  ion  beams  to  areas  very  much  less  than  the 
present  1-3  cm^  should  be  possible. 

5.  NUMERICAL  SIMULATION  OF  PINCH-REFLEX  ION  DIODES 

Numerical  simulations  of  electron  and  ion  flow  in  pinch-reflex 
diodes  were  conducted  for  the  configuration  shown  in  Fig.  11  using 
the  NRL  DI0DE2D  simulation  code.19  The  initial  equipotential  lines 
are  also  shown  in  the  figure.  The  diode  dimensions  modeled  in  the 
simulation  had  an  R/d=20  aspect-ratio  where  r=6 . 8  cm  was  the  outer 
radius  of  the  hollow  cathode  and  d=0.32  cm  was  the  separation  of  th« 
cathode  face  from  the  anode  foil.  The  thickness  of  the  cathode 
shank  was  0.8  cm  and  the  scattering  foil  was  assumed  to  be  125  am 
thick  polyethylene.  The  distance  between  the  reflexing  foil  and 
the  solid  anode  was  0.29  cm.  This  space  was  assumed  to  be  filled 
with  ions  which  charge  neutralize  the  reflexing  electrons,  making 
it  unnecessary  to  solve  for  the  electrostatic  fields  in  that  region: 
The  distance  from  the  reflexing  foil  back  to  the  ion  transmission 
foil  inside  the  hollow  cathode  was  0.7  cm.  These  new  simulations 
were  carried  out  on  a  finer  64x40  mesh  rather  than  the  32x40  mesh 
used  in  previously  reported  results.22  The  simulations  also 
assumed  azimuthal  symmetry  and  were  done  in  (R,Z)  geometry  with 
a  time  step  of  0.25  psec. 


The  time  evolution  of  the  electron  and  ion  flow  in  the  diode 
is  shown  in  Fig.  12  for  a  simulation  done  at  1.5  MV.  The  positions 
of  the  electrons  and  ions  are  shown  in  (R,Z)  configuration  space  at 
four  different  times.  Early  in  time  (step  500) ,  the  electrons 
(one  in  10  is  plotted  on  the  figure)  had  transited  the  diode  and 
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Fig.  11.  Configuration  used  for  pinch-reflex  diode  simulation 
showing  equipotential  lines  due  to  applied  voltage. 
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Fig.  12.  Time  history  of  the  electron  and  ion  positions  in  the 
diode . 
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reflexed  several  times  through  the  foil.  The  ions  had  not  yet 
crossed  the  diode  gap  and  were  clumped  along  the  anode  foil.  3y 
time  step  1000,  the  electrons  had  established  the  pinched  flow 
along  the  diode  side  of  the  reflexing  foil.  At  step  1500,  the 
pinched  electron  flow  was  well  established  and  the  electrons  filled 
the  diode  gap.  However,  electrons  did  not  flow  along  the  foil  except 
at  low  radii  because  of  the  tendency  for  electrons  to  follow  ions 
at  large  radii  to  provide  space  charge  neutralization.  At  step  2500 
all  the  ions  had  now  crossed  the  gap  and  a  quasi-steady  state  was 
established.  The  flow  pattern  shown  at  step  2500  persisted  for  the 
remainder  of  the  run  which  was  taken  to  step  4000. 

In  the  quasi-steady  state  the  equipotential  lines  are  piled 
up  near  the  anode  foil  so  that  most  of  the  potential  drop  occurs 
over  a  distance  much  less  than  the  0.32  cm  gap  between  the  cathode 
face  and  the  anode  foil.  This  justifies  the  assumption  of  Sec.  3 
that  the  ion  bending  between  the  anode  and  cathode  foil  is  primarily 
due  to  the  self-magnetic  field  of  the  ions.  The  current  density 
profile  of  the  ions  arriving  at  the  cathode  transmission  foil  is 
shown  in  Fig.  13.  This  current  profile,  which  is  the  result  of 
averaging  the  arriving  ion  current  for  500  time  steps,  shows  a 
1/R  dependence  as  predicted  by  analytic  theory2  for  planar  diodes. 
The  simulation  for  this  case  assumed  that  ion  emission  occurred 
along  .the  reflexing  foil  up  to  a  radius  of  S.4  cm.  In  this  case, 
the  net  ion  current  was  590  !<A  and  the  electron  current  330  kA. 

In  order  to  determine  if  the  average  ion  current  density  could  be 
increased  by  suppressing  ion  emission  at  large  radii,  a  case  where 
emission  was  allowed  only  up  to  a  radius  of  3.0  cm  was  also 


Fig.  13.  Ion  current  density  profile  at  the  cathode  and  ion 
positions  in  the  quasi-steady  state. 
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simulated.  In  this  case,  the  total  diode  current  remained  close 
to  900  kA  and  the  total  ion  current  decreased  by  about  a  factor 
of  2. 


The  simulation  results  are  in  reasonable  agreement  with  the 
NRL  experimental  data  with  respect  to  total  ion  and  electron 
currents.  The  geometry  was  different  enough  so  that  it  is  difficult 
to  make  a  more  quantitative  statement.  The  transmission  foil  is 
further  removed  from  the  cathode  face  in  the  present  Gamble  II 
experiments  than  in  the  simulation  and  this  may  affect  the  diode 
behavior.  Further  simulations  that  are  closer  to  the  actual  experi¬ 
mental  configurations  are  being  conducted  so  that  a  more  direct 
comparison  with  experiments  can  be  made. 


6.  ION  ORBITS  IN  Z-DISCHARGE  CHANNELS 

As  shown  in  Fig.  14,  ions  enter  the  discharge  channel  with  a 
range  of  injection  angles  up  to  9M  determined  by  the  anode  radius 
and  distance  to  the  focus.  The  externally-applied  current  flowing 
through  the  channel  must  be  sufficient  to  confine  ions  with  maximum 
transverse  kinetic  energy,  that  is,  ions  which  enter  the  channel 
with  the  maximum  injection  angle  at  thg  maximum  injection  radius, 
rg.  The  required  discharge  current  can  be  determined  from  conser¬ 
vation  of  ion  energy  and  ?2  conical  momentum 
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where  is  the  energy  of  an  ion  with  charge  q,  9  is  the  injection 

angle  and-  rQ  is  the  injection  radius.  In  order  for  the  magnetic 


Fig.  14.  Ion  orbits  in  a  Z-discharge  channel. 
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field  to  be  just  sufficient  to  confine  a  maximum-transver e-energy 
ion  to  the  channel  radius  (R)  ,  Vr  must  vanish  when  r  *  R  for  initial 
conditions  9  =  8^  and  r0  =  rs .  Substituting  into  the  previous 
equation.,  results  in  the  expression 


B.lr  =  mV 
9  o 


(l-cose^) 


Defining  an  ideal  channel  as  one  carrying  a  uniform  discharge  curren 
so  that  3g  ~  r  when  r  £  R,  Eq.  (1)  takes  the  form 


Jch(A5  = 


10  3V  (1— cos8  ) 
O _ M 

1  -  (rs/R)2 


for  protons  where  is  in  amperes  when  V0  is  in  cm/s.  This  result 
indicates  that  megampere  discharge  currents  are  required  to  confine 
ions  injected  with  large  angles.  Protons  of  5  MeV  with  9M  =  0.2 
radians  require  about  120  kA  for  confinement  within  the  channel 
when  rs/R  =  2/3. 

Analytical  and  computational  techniques  have  been  used  to 
determine  the  effects  of  various  forms  of  nonideal  channel  behavior 
on  ion  confinement  and  beam  bunching.21  Axial  electric  fields 
associated  with  plasma  currents  and  expansion  disrupt  confinement 
and  reduce  beam  power  multiplication  due  to  bunching  only  if  large 
enough  to  strongly  slow  the  beam  during  transport.  Radially  non- 
uniform  net  currents  develop  as  the  beam  passes  through  the  back¬ 
ground  because  of  beam-induced  MHD  expansion  of  the  channel.  The 
effects  of  the  resulting  3g  fields  on  beam  confinement  are  discussed 
in  Sec.  3.  Channels  which  taper  to  smaller  radius  as  they  approach 
the  pellet  were  investigated  as  a  means  of  increasing  the  beam 
current  density.  A  WKB-like  analysis  for  the  ion  motion  shows  that 
only  a  small  improvement  in  current  density  due  to  radial  beam 
compression  can  be  achieved  before  disruption  of  axial  compression 
by  bunching.  3oth  analytic  and  numerical  calculations  were  perforate 
to  determine  ion  confinement  in  a  channel  with  a  large  amplitude 
m  ®  0  sausage  instability.  Fig.  15  shows  one  result  of  this  work. 
The  channel  3Q  was  modeled  as  ~  r  inside  the  channel  radius  R(z) , 
and  ~  1/r  outside,  with  every  change  in  axial  location  Iz  - 
the  value  of  R  changed  abruptly  and  randomly  to  simulate  the  non¬ 
linear  development  o.T  the  instability.  A  large  number  of  ion  orbits 
were  numerically  determined  for  a  range  of  injection  angles  up  to 
0M  and  injection  radii  up  to  rs.  The  figure  shows  a  cross-section 
of  beam  ion  density  at  various  axial  locations  along  the  channel. 

The  case  shown  corresponds  to  rs  =  0.4  cm,  R  =  0.6  cm,  Ei  =  5  MeV, 

9M  =  0.2  radians,  Ic^  =  120  kA,  k  =  3.3  cm,  ARrmS/R  *  1.  This  high 
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Fig.  15.  Beam  density  profile  at  various  axial  locations  along 
a  sausage  unstable  channel. 

degree  of  fluctuation  is  required  for  radial  loss  of  half  the  beam 
ions  after  transporting  5  m.  When  ARv^,-  is  decreased  by  about  a 
factor  of  2,  only  about  9%  of  the  beam  i3  lost  at  6  m.  Good  radial 
confinement  is  predicted  for  all  cases  in  which  the  axial  wave 
length  of  the  instability  is  much  smaller  than  the  betatron  wave¬ 
length  of  the  ion  in  the  channel.  Electrostatic  and  electromagnetic 
microinstabilities  driven  by  the  relative  streaming  between  the 
beam  ions  and  the  channel  plasma  have  been  discussed  previously.22 

7.  ICN  TRANSPORT  EXPERIMENTS 

Figure  15  illustrates  the  experimental  configuration  for 
transport  experiments  on  Gamble  II.  The  planar,  pinch-reflex  diode 
configuration  shown  previously  in  Fig.  3  was  used  to  bring  a  0.5  MA, 

1.4  MV  proton  beam  to  a  narrow-angle  focus  (~  50  kA/'cm2)  20-30  cm 
downstream  from  the  diode.  The  transport  section  consisted  of  a 
copper  pipe  containing  an  insulating  ceramic  liner  filled  to  the 
0.2-2  Torr  air  background  pressure  of  the  focusing-drif t  section. 

The  inside  diameter  of  the  ceramic  liner  defines  the  diameter  of 
the  wall-stabilized  discharge.  A  discharge  channel  diameter  of 

4.5  cm  was  employed.  The  discharge  current  was  provided  by  a 

20  kV,  10  kj  capacitor  bank.  The  current  rose  to  about  50  kA  in 
15  ^s  after  which  time  the  ion  beam  was  injected  into  the  channel. 
This  current  satisfies  £q.  (2)  for  the  injection  angles  employed 
in  the  experiment.  Measurements  of  transport  efficiency  were 
provided  by  diagnosis  of  6  MeV  gamma  rays  produced  by  the  inter¬ 
action  of  beam  protons  with  fluorine23.  Collimated  scintillator- 
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Fig.  16.  Ion  transport  experiment  schematic. 


Prompt-y  signal  from  two  50%  transparent  teflon  targets 
placed  on  meter  apart  in  the  channel. 
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photomultiplier  detectors  were  used  to  detect  the  gamma  rays  produced 
in  50%  transparent  teflon  screens  placed  at  the  entrance  and  exit 
apertures  of  the  transport  system. 

The  signal  shown  in  Fig.  17  was  obtained  with  a  single  detector 
placed  about  4  m  from  both  screens  and  behind  about  0.5  m  of  concrete. 
Signals  from  the  two  screens  are  separated  by  the  ion  time-of- flight 
through  the  1  m  discharge  channel,  because  the  teflon  screens  are 
50%  transparent,  the  second  signal  must  be  multiplied  by  a  factor 
of  2  in  order  for  comparison  with  the  signal  from  the  entrance 
aperture,  since  the  gamma-ray  production  cross-section  is  a  strong 
function  of  the  proton  energy,  the  transport  efficiency  could  not 
be  immediately  inferred  from  the  ratio  of  signals  associated  with 
the  two  screens.  Assuming  no  ion  energy  loss  during  transport, 
experimental  results  indicated  a  lower  limit  of  50%  transport 
efficiency.  If  an  energy  loss  of  200  kV  is  assumed,  which  is 
consistent  with  the  relative  timing  between  the  prompt-y  signals 
shown  in  Fig.  17,  then  the  particle  transport  efficiency  in  the 
channel  is  about  80%.  A  more  concrete  example  of  the  ability  to 
transport  ion  beams  is  provided  by  witness  plates  at  the  exit 
aperture.  Aluminum  plates  0.16  cm  thick  exhibited  rear  surface 
spalls  with  widths  less  than  the  channel  diameter.  Null  experiments, 
measurements  without  channel  current,  did  not  show  evidence  of  ion 
transport .  • 

In  more  recent  transport  experiments  a  smaller  1.5  cm  diameter 
channel  was  used  with  a  much  faster  risetime  (0.5  us)  capacitor  bank 
than  previously  employed.  Preliminary  results  indicate  that  proton 
beams  with  current  densities  of  several  tens  of  kA/cm2  were  effi¬ 
ciently  transported  over  1  m  distances.  Unlike  the  large  diameter 
channel  transport  experiments,  shots  were  taken  with  the  ion  beam 
injected  into  the  channel  while  the  channel  plasma  was  still  radially 
imploding.  On  these  shots,  the  shapes  and  relative  timing  of  the 
input  and  output  prompt-y  signals  suggest  that  the  protons  may 
have  gained  rather  than  lost  energy  in  the  channel.  This  obser¬ 
vation  would  be  consistent  with  recent  theoretical  predictions2^ 
that  the  transported  ion  beam  could  gain  energy  from  the  fields 
associated  with  a  radially  imploding  2-pinch  plasma.  This 
phenomenum  is  presently  under  investigation. 

3.  RESPONSE  OF  THE  CHANNEL  TO  SEAM  TRANSIT 

As  the  focused  ion  beam  transits  the  transport  channel,  it 
heats  the  background  plasma  by  collisional  deposition  and  induces 
plasma-electron  return  currents  which  resistively  heat  the  plasma. 
Since  the  electromagnetic  fields  induced  by  the  beam  can  vary 
substantially  from  those  assumed  to  confine  the  beam  ions,  it  is 
important  to  determine  how  the  self-consistent  fields  alter  beam 
confinement  and  energy  loss  during  transport.  To  answer  these 
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questions,  a  1-D  radial,  time-dependent  MKD  code  has  been  developed2^: 
The  code  solves  the  usual  ^onjervation^  equations  for  particle  number, 
momentum  and  energy.  The  7x3  and  7xE  Maxwell's  relations,  and 
electron  transport  equations  (using  classical  coefficients  for 
electrical  and  thermal  conduction)  close  the  set  of  equations. 

The  beam  is  specified  by  its  current  density  in  space  and  time  and 
the  particle  energy  as  a  function  of  time.  Collisional  beam  depo-  | 
sition  and  plasma-electron  return-current  heating  are  included  as 
is  bremsstrahlung  radiation  cooling.  Development  of  radial  profiles 
in  time  for  background  density,  electron  and  ion  temperature, 
azimuthal  magnetic  field  and  radial  velocity  are  shown  in  Fig.  18 
for  a  50  kA  discharge  in  deuterium  carrying  600  kA  of  5  MeV  protons 
in  a  50  ns  pulse.  Since  the  plasma  is  initially  at  rest,  no  radial 
velocity  profile  is  shown  in  Fig.  18a.  The  initial  temperature 
distribution  is  thus  determined  by  an  equilibrium  pressure  balance 
condition.  Once  the  beam  enters  the  channel,  the  plasma  pressure 
and  j  x  B  forces  acting  on  the  plasma  push  material  out  of  the  channel 
interior  and  pile  it  up  against  the  steep  density  gradient  at  the 
channel  edge.  The  initial  magnetic  field  profile  corresponds  to 
uniform  current  density  arising  from  the  long  times  and  the  low 
conductivities  associated  with  channel  creation.  Once  the  beam  heats 
the  channel  (Fig.  18b) ,  the  conductivity  rises  quickly  and  magnetic 
field  lines  become  frozen  in  the  plasma.  The  magnetic  field  is 
than  convected  out  of  the  center  of  the  channel  along  with  the 
plasma  flow. 

A  primary  criterion  for  maintenance  of  beam. confinement  is 
suggested  by  Eq.  (1)  and  is  given  by  the  integral  extended  from 
rQ  to  R.  If  the  value  of  the  integral  is  reduced,  ions  injected 
with  large  r0  or  8Q  can  reach  the  high  density  edge  of  the  channel 
and  be  lost.  For  low  beam  current  cases,  the  plasma  channel  response 
to  the  beam  is  sufficiently  gentle  not  to  disrupt  confinement. 
However,  in  the  high-current  cases,  ior.s  with  larger  transverse 
energy  are  lost. 


The  evolution  of  the  confinement  integral  with  time  dees  not 
depend  sensitively  on  the  ion  energy.  This  behavior  can  be  under¬ 
stood  qualitatively  by  examining  the  plasma  equation  of  motion. 


dp 

dr 


jz39 


jbB9 


(3) 


The  final  expression  on  the  right  hand  side  of  Eq.  (3)  results 
from  the  dominance  of  the  j  x  B  term  over  the  pressure  terra  and  good 
beam  current  neutralization.  For  a  maximum  allowed  acceleration 
given  by  2R/T2,  where  T  is  the  beam  duration,  Eq.  (3)  yields 


Vch  <  300  p  r4/T  2 


(4) 


for  maintenance  of  beam  confinement.  In  Eq.  (4),  the  currents  are 
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Fig . 


IE.  Initial  (a)  and  final  (b)  radial  profiles  in  time  for 
background  plasma  density,  azimuthal  magnetic  field, 
electron  and  ion  temperature  (Tj_  =  Te  initially)  , 
and  radial  plasma  velocity  (V=o  initially) . 
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in  amperes  and  the  terms  of  the  right-hand-side  are  in  cgs  units. 

This  condition  is  in  qualitative  agreement  with  the  results  of  the 
MHD  code.  3ecause  of  the  greater  primary  beam  deposition,  lower- 
voltage  ion  beams  require  lower  background  density.  Thus,  the 
maximum  allowed  value  of  I^l  ^  is  reduced  with  lower  ion  voltage. 

This  indicates  that  less  power  can  be  transported  in  channels 
carrying  lower-voltage  ions  unless  the  channel  current  can  be 
significantly  reduced.  However,  the  channel  current  is  determined 
primarily  by  the  spread  of  injection  angles  and  8^  is  -unlikely  to 
be  reduced  for  less-stiff  lower-energy  ions.  Additionally,  Zq.  (4) 
is  easier  to  satisfy  with  the  beam  in  the  bunched  state  since  l-0T 
remains  constant  as  T  is  reduced.  If  a  final  focusing  stage  after 
transport  can  be  employed2®,  then  the  beam  can  be  transported  with 
a  radius  larger  than  the  pellet  size.  In  this  case  the  constraints 
of  Eq.  (4)  can  be  considerably  relaxed  because  of  the  strong  R4  I 

dependence . 

A  second  important  consideration  for  beam  transport  channels 
is  the  total  energy  loss  suffered  by  the  beam  during  transport.  The 
energy  loss  consists  of  both  that  due  to  primary  deposition  and  that 
due  to  slowing  in  the  electric  field  produced  by  return  currents  and 
plasma  expansion.  For  the  example  considered  in  Fig.  18,  the  5  MV 
protons  lose  about  200  kV/m.  This  energy  loss  could  be  reduced 
or  possibly  turned  into  an  energy  gain24  if  the  channel  plasma  during 
beam  injection  is  imploding  with  a  velocity  of  ~  107  cm/sec  using 
a  100  kA  channel  current. 

9.  BEAM  BUNCHING  DURING  TRANSPORT 

Since  the  time  of  flight  of  the  ions  through  the  channel  to  the 
p  llet  usually  exceeds  the  beam  pulse  duration,  applying  an  acceler¬ 
ating  voltage  ramp  at  the  diode  can  result  in  power  multiplication 
(PM)  by  beam  buncning27 .  Since  the  pulsed-pcwer  technology  employed 
results  in  ion  emission  times  of  50-100  ns  and  the  desired 
irradiation  time  on  the  pellet  is  about  20  ns,  as  much  as  a  factor- 
of-5  bunching  is  desirable.  For  purely  axial  motion,  ions  acceler¬ 
ated  by  the  ideal  voltage  waveform 

4> 

*(t)  =  - ° - -  ;  0  £  t  £  T  <  t  (5) 

d-t/tar 

all  arrive  at  the  target  at  the  same  time  ta.  In  reality,  errors 
in  voltage  shape, $  $  ,  and  the  spread  in  ion  injection  angles  con¬ 
tribute  to  a  spread  in  arrival  times,  <5  ta,  thus  limiting  the  degree 
of  power  multiplication  to  a  factor  T/5ta.  For  a  desired  PM  factor 
of  5,  analysis  indicates  that54>/4>  ^  0.15  and  ^  0.3  radians  are 
sufficient  for  parameters  of  interest. 


130 


G.  COOPERSTEIN  ETAL. 


Figure  19  compares  analytic  modeling  of  achievable  power 
multiplication  with  a  macrooarticle  code,  where  2  is  the  distance 
to  the  target  and  Vg  is  the  ion  speed  at  t  =  T .  3elcw  x  =  0.414, 

PM  is  limited  by  the  spread  in  injection  angles  9,^  =0.2  radians. 
Above  this  value,  PM  is  determined  by  a  maximum  voltage  ramp 
*f/*0  =  2  in  order  to  control  the  energy  spectrum  of  ions  depositing 
in  the  pellet. 

Figure  20  compares  the  time  variation  of  power  on  target  using  j 
two  voltage  waveforms  and  the  parameter  set  r3  =  0.4,  R  =  0.6  cm, 

2  =  7.5  m,  9(4  =  0.2  radians.  Peak  power  multiplication  is  achieved  bj 
employing  the  ideal  voltage.  In  that  case,  the  power  multiplication 
is  limited  by  the  dispersion  in  injection  angles.  When  the  acceler¬ 
ating  voltage  is  higher  than  the  ideal  early  in  time,  some  ions 
arrive  early  on  target.  This  results  in  a  shaped  foot  which  may  be 
desirable  for  some  inertial -confinement-fusion  target  configurations, 

10.  SYSTEM  REQUIREMENTS  FOR  INERTIAL  CONFINEMENT  FUSION 

pulsed  power,  ion  focusing,  transport,  bunching  and  beam- 
target  interaction  considerations  can  be  combined  in  order  to 
determine  an  acceptable  set  of  system  parameters  for  the  ignition  of 
a  high-gain  fusion  pellet.  High  voltage  beams  are  easily  focused 
because  of  their  relative  insensitivity  to  time-varying  magnetic 
fields  in  the  diode.  However,  their  long  range  in  materials  leads 
to  inefficient  energy  coupling  to  fusion  targets.  Low  voltage 
beams  suffer  from  excessive  energy  loss  in  the  transport  channel 
and  difficulty  in  focusing.  For  any  voltage,  channel  hydrodynamic 
response  calculations  indicate  difficulty  in  transporting  ion  beams 
much  in  excess  of  1  MA  without  employing  a  final  focusing  stage. 

Thus,  for  a  fixed  power  and  energy  requirement  delivered  to  the 
target,  MHD  considerations  establish  a  lower  limit  on  the  number 
of  channels  which  can  be  used  to  transport  ion  beams  to  the  target. 

An  upper  limit  on  the  number  of  channels  which  can  be  used  is  set 
by  considerations  that  include  channel  creation  energy  and  beam 
overlap  problems.  These  points  are  considered  in  Fig.  21  which 
defines  an  acceptable  parameter  range  for  a  2  MJ  ion  beam  incident 
on  a  nigh-gain  pellet.  The  3ANDIA  ?SFA  concept  has  design 
objectives  in  the  lower  right-hand  corner  of  the  window.  Research 
at  NRL  concentrates  primarily  on  parameters  of  the  upper  left. 

Table  1  summarizes  an  acceptable  range  of  system  parameters  based 
on  the  considerations  discussed  above.  Parameters  based  on  two 
pellet  requirements  and  two  ion  pulse  durations  are  shewn.  The 
stored  energy  is  an  estimate  of  the  ootal  electrical  energy  stored 
in  the  Marx  generators  required  to  provide  the  total  ion  beam 
energy.  The  shorter-duraticn  beams  require  higher  powers  in  the 
diode  but  also  require  less  bunching  in  order  to  achieve  power 
on  target.  The  focused  cower  represents  the  total  focused  ion 
beam  power  for  all  the  modules  into  the  entrance  of  all  the  channels. 
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Fig.  21.  Channel  number  considerations  for  protons  in  hydrogen 


Table  1.  Ignition  System  Parameter 
ENERGY  ON  PELLET  CMJ)  3 

POWER  ON  PELLET  (TW)  200  I  ( 

STORED  ENERGY  (MJ )  24 

P'JLSE  DURATION  (ns)  100  50  100 

FOCUSED  POWER  <TW)  35  70  23 

POWER  MULTIPLICATION  5  3  4.5 

FOCUSED  CURRENT  (MA ) 

5  MeV  PEAK  7  14  4.5 

2  MeV  PEAK  13  35  12 

MIN.  BUNCHING  LENGTH  (m) 

5  MeV  PROTONS  6  2.5  6 

2  MeV  DEUTERONS  3  1  2.5 
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Focused  current  represents  the  total  current  transported  by  all 
channels.  Using  1  MA  as  the  current  which  can  be  transported  in  any 
given  channel,  the  focused  current  numbers  represent  an  estimate 
of  the  minimum  number  of  channels  required  to  transport  the  total 
beam.  The  minimum  channel  length  (i.e.  stand-off  distance)  is 
arrived  at  by  determining  the  smallest  transport  length  which  can 
achieve  the  desired  degree  of  power  multiplication  (PM)  using  an 
accelerating  voltage  which  varies  by  no  more  than  a  factor  of  2. 

This  bunching  length  may  be  estimated  from2- 

VfiT  0.414 

A.  _ 

L  =  1-1/PM 

The  scaling  of  2  with  PM  results  from  the  fact  that  smaller  lengths 
than  necessary  for  optimal  bunching  are  sufficient  for  moderate 
power  multiplication  factors. 

Extension  of  these  results  to  ion  species  other  than  2=1 
requires  further  investigation  of  transport  properties.  Higher 
voltage  beams  can  transport  at  lower  beam  current  to  achieve  beam 
powers  comparable  to  Z  =  1.  Channel  currents  are  uncertain.  From 
Eq.  (1) ,  Xch  is  proportional  to  the  larger  values  of  m/q.  However, 
it  tends  to  be  reduced  by  the  smaller  values  of  3^  permitted  by 
better  focusing  control. 

In  the  near  future  scaling  of  present  results  will  be  attempted 
in  the  following  areas.  Diode  behavior  at  the  3-5  TW  level  on 
PITHON  will  be  studied  in  order  to  check  ion  beam  efficiency  and 
focusability .  The  physics  of  higher  voltage  (up  to  10  MV)  diodes 
operating  at  impedances  up  to  20  ohms  will  be  studied  on  the 
Harry  Diamond  Laboratory  Aurora  generator.29  Transport  of  ion 
beams  will  be  performed  in  longer  channels  where  beam  bunching  may 
be  investigated.  Larger  diameter  channels  with  a  final  focusing 
stage  will  be  studied  in  order  to  achieve  transport  of  higher 
current,  longer  duration  ion  beams.  The  effect  of  imploding  plasma 
discharges  on  the  energy  of  the  transported  ion  beam  will  be 
investigated.  These  experiments  will  provide  the  MA/cm2  level 
fluxes  required  for  relevant  ICF  beam  target  studies. 
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LIGHT-ION  INERTIAL-CONFINEMENT-FUSION  RESEARCH  AT  NRL 

ABSTRACT 

High-brightness  proton  beams  (.4  MA,  1  MV)  have 
recently  been  extracted  from  20  cm2  axial  pinch-reflex  diodes 
(PRDs)  mounted  on  the  NRL  Gamble  II  generator.  A  source  power 
brightness  of  >  10  TW/cm2rad2  was  achieved  in  these 
experiments.  A  new  barrel -shaped  equitorial  PRD  that  can  be 
coupled  to  PBFA-II  has  also  been  operated  on  Gamble  II  and  has 
demonstrated  50%  proton  efficiency  with  predominately 
azimuthal ly -symmetric  charged-parti  cl e  flow.  In  other 
experiments  the  stopping  power  of  deuterons  in  hot  plasmas  was 
measured  using  a  PRD  on  Gamble  II.  Results  show  about  40% 
enhancement  in  stopping  power  over  that  in  cold  targets  when 
the  beam  was  focused  to  about  .25  MA/cm2.  Research  is  also 
being  performed  on  transporting  ion  beams  in  1 arge-di ameter 
channels  (>  2.5  cm)  and  on  a  post-transport,  pi asma-f i 11 ed, 
magnetic  focusing  section  to  bring  the  beam  to  pellet 
dimensions. 


1.  INTRODUCTION 


Recent  NRL  experiments  and  theory  have  investigated  key 
aspects  of  two  ignition-system  configurations  for  light -ion- 
drivers  on  Sandia's  PBFA-II  [1].  The  first  configuration  uses 
groups  of  modules  to  drive  small-area  disc-like  axial  ion 
diodes  each  of  which  focuses  a  beam  into  a  z-discharge 
transport  channel  about  2  m  long  and  a  few  cm  in  diameter  [2]. 
Each  channel  is  terminated  in  a  short,  hi gher-current  discharge 
which  magnetically  focuses  the  beam  onto  the  pellet  [3],  and 
thus  allows  larger-di ameter  beams  to  be  transported  and  then 
focused.  Such  a  system  is  schematically  illustrated  in  Fig.  1. 
The  second  configuration  ties  all  36  modules  to  a  single 
barrel -shaped  radial  ion  diode  with  1  m  dimensions  surrounding 
the  pellet  located  on  the  diode  axis  of  symmetry. 

Section  II  will  review  recent  high  brightness  diode 
experiments  on  Gamble  II.  The  new  barrel -shaped  equitorial  PRD 
concept  and  preliminary  Gamble  II  results  will  be  reviewed  in 
Section  III.  Section  IV  will  discuss  the  energy  loss 
experiments  of  deuteron  beams  in  subrange  Mylar  and  aluminum 
targets.  Finally,  transport  considerations  in  large  diameter 
channels,  and  final  focusing  concepts  and  experiments  will  be 
discussed  in  Section  V. 

2.  ION  BEAM  BRIGHTNESS  STUOIES 


Beam  power  brightness  at  the  diode  imposes  the  ultimate 
limit  on  the  ability  to  focus  ion  beams  onto  targets.  The  PRD, 
which  has  been  previously  described  [4,5],  has  been  studied 
with  respect  to  Us  performance  as  a  source  of  high  current 
density,  low  divergence  ion  beams.  El ectron-f i 1 amentati on 
instabilities,  which  may  occur  in  the  electrode  plasmas  and 
vacuum  gap  are  currently  under  investigation.  Changes  in  diode 


geometry  and  electrode  materials  are  being  investigated 
experimentally  in  order  to  determine  their  effects  on  the 
instabilities. 

In  recent  1  TW  diode  experiments  on  Gamble  II,  .6  TW 
proton  beams  were  extracted  from  20  cm2-area  anode  foils.  Tne 
ion  beam  brightness  was  measured  crudely  by  a  shadowDox 
technique  [5,6]  that  uses  multiple  pinhole  images  of  the  ion 
beam.  With  the  multiple  hole  snadowbox  one  can  reconstruct  the 
ion  source  pattern  and  its  divergence.  The  ion  source 
exhibited  10  to  20  beamlets  1  cm  in  diameter  for  this  small 
radius  diode.  The  beam  divergence  changed  drastically  when  the 
gap.  A,  between  the  anode  and  the  cathode  inner  foil  was 
changed.  The  half  angle  of  the  diverging  beam  cone,  56,  was 
measured  to  be  -  .1  rad  at  a  gap  of  1.5  cm  and  -  .05  rad  at  a 
gap  of  .5  cm. 

A  simple  calculation  to  explain  beam  divergence  versus 
gap  width  was  performed  assuming  that  the  total  ion  beam 
current  (450  kA)  was  distributed  equally  among  15  sources  each 
having  a  diameter  of  1  cm.  Sel f-pinchi ng  of  these  ion  beamlets 
by  sel f-magnetic  fields  would  result  in  <$e=.08A /AT  for  protons 
at  a  voltage  V  measured  in  MV.  The  experimental  results  at  V  = 
1.2  MV  show  that  59  agrees  well  with  the  predicted  value  at  the 
larger  gap  of  A=1.5  cm.  At  the  smaller  gap,  however,  the 
experimental  divergence  cannot  be  explained  by  this  magnetic 
self-pinching  effect. 

Two  other  mechanisms  which  could  increase  the  beam 
divergence  have  been  identified.  The  first  is  associated  with 
plasma  hydrodynamics  when  the  anode  plasma  is  formed  at 
discrete  spots  and  expands  in  a  two  dimensional  manner 
generating  bulges  on  the  anode.  Such  spotty  structure  is 
clearly  seen  in  the  shadowbox  pinhole  images.  The  second 
mechanism  is  fi lamented  electron  beam  flow.  The  resultant 
space  charge  structure  introduces  azimuthal  and  radial 
components  to  the  electric  field  in  addition  to  the  axial 
field.  The  fi  lamented  electron  flow  could  also  result  in 
azimuthal  magnetic  deflections  of  the  beam  ions. 

The  beam  brightness  (JV/5 62)  observed  for  V  =  1 .2  MV, 

J  =  20  kA/cm2  and  3Q~  .05  rad  is  ~  10  TW/cm2rad2.  Holding  J 
constant,  scaling  up  the  voltage  to  3  MV,  reducing  Sd 
appropriately  (99-1//V)  and  assuming  a  factor-of-A  bunching 
during  transport  witnout  brightness  loss,  leads  to  a  modular- 
beam  brightness  of  about  250  TW/cm2rad2.  If  40%  of  the  solid 
angle  surrounding  a  pellet  is  subtended  by  final-focus  exit 
apertures,  on  target  modular  power  densities  approaching 
100  TW/cm^i ght  then  be  achievable  with  existing  PRDs. 

3.  EQUITORIAL-P INCH-REFLEX  DIODE 

A  new  version  of  the  NRL  PRO  has  been  designed  to 
operate  on  the  radial  triplate  geometry  of  Sandia's  PSFA-I.  A 
conceptual  schematic  is  shown  in  Fig.  2.  This  diode  produces 
two  cyl indrical ly-symnetric  sheet  beams  of  electrons  which  flow 
from  top  and  bottom  by  self-magnetic  pinching  and  reflexing 
action  on  the  anode  foil  to  a  common  line  pinch  around  the 
equator  of  the  diode,  hence  the  name  aquitorial-pinch-reflex 
diode  (EPRD). 


Although  this  diode  appears  to  be  a  simple  topological 
variation  of  the  conventional  PRD,  there  are  basic  conceptual 
differences.  There  is  no  el ectron-space-charge-densi ty 
enhancement  as  occurs  with  the  conventional  axial  PRD  because 
there  is  no  radially  converging  electron  flow  towards  the  diode 
axis.  This  lack  of  electron  convergence  leads  to  a  constant 
ion  current  density  rather  than  one  that  increases  inversely 
with  the  distance  from  the  diode  axis  as  in  the  axial  PRD; 
hence  the  EPRD  has  better  focusing  properties. 

Another  major  difference  and  advantage  of  the  EPRD  over 
the  conventional  PRO  is  that  the  ratio  of  ion  current  to 
electron  current,  I^/I  ,  is  decoupled  from  the  diode  impedance 
Z.  For  a  given  anode-cathode  gap  spacing,  D,  and  diode  radius, 
R,  the  impedance  of  a  EPRD  of  height  H  is  proportional  to  D/R 
as  with  the  conventional  PRD,  however,  Ij/Ie  is  proportional  to 
H/D  (i.e. ,  the  electron  path  length/the  ion  path  length)  and  is 
independent  of  diode  radius  or  diode  impedance.  Thus,  for  any 
current  equal  to  or  above  the  critical  current,  the  ion 
production  efficiency  can  be  made  arbitrarily  large  by 
increasing  the  separation  between  the  two  disc  cathodes.  These 
properties  were  verified  using  a  particle-in-cell  code  [7]. 

The  EPRD  has  been  tested  on  NRL's  Gamble  II  generator 
by  driving  only  the  upper  half  of  the  diode  shown  in  Fig.  2  in 
a  coaxial -feed  geometry.  The  anode  radius  was  7  cm  and  typical 
anode-cathode  gaps  were  3.5  to  5  mm.  Initial  experiments  [8] 
have  shown  the  diode  to  be  an  efficient  ion  source  and  a  good 
electrical  match  to  the  accelerator.  Net  ion  currents  on  the 
order  of  400  kA  have  been  measured  with  diode  impedances  of 
1.5-2  a.  Predominately  azimuthally-symmetri c  electron  and  ion 
current  flow  has  been  observed.  The  diode  impedance  has  been 
shown  to  be  a  linear  function  of  anode-cathode  gap  but 
practically  independent  of  diode  axial  height  as  predicted  by 
theory.  Shadowbox  results  show  a  time-averaged  half-angle 
divergence  of  1-2°  from  areas  not  containing  filaments. 
Experiments  to  reduce  beam  f i 1 amentati on  are  in  progress. 

Sandia  National  Laboratory  is  presently  testing  a  high  power 
diode  of  similar  design  on  PBFA-I  [9]. 

4.  ENERGY  LOSS  EXPERIMENT 

Theoretical  research  [10]  indicates  that,  at  the 
ionization  levels  of  ICF  pellet  plasmas,  the  stopping  power  of 
light  ions  may  be  enhanced  by  a  factor-of-two  over  that  in  the 
cold  target.  In  this  section,  measurements  of  the  energy  loss 
of  MeV  deuterons  in  plasmas  formed  by  focusing  intense  Gamble 
II  ion  beams  (1  MeV,  .2  MA,  20  ns)  onto  subrange-thi ck  targets 
are  presented.  The  results  demonstrate  that  the  stopping  power 
of  the  heated  target  is  enhanced  over  that  of  the  cold  target. 

For  these  energy-loss  measurements,  a  spherically- 
contoured  PRD  is  used  to  produce  a  250  xA/cm2  focused  deuteron 
beam  while  a  planar  anode  foil  version  of  the  diode  is  used  to 
produce  a  50  kA/cm2  deuteron  beam.  The  .01  cm  thick  plastic 
anode  foil  is  coated  with  aeuterated  polyethylene  (CD?)  to 
provide  the  deuterons. 

The  experimental  technique  for  determining  the 
deuteron-energy  loss  uses  neutron  time-of-fl ight  (TOF)  with  a 


multilayered  target  [11].  The  target  consists  of  a  subrange 
stopping  foil  sandwiched  between  . 3-um  and  1.0- un  thick  layers 
of  CDo.  Measurements  of  the  d-d  neutron  TOF  from  the  two  CD2 
targets  are  used  to  determine  both  the  incident  deuteron  energy 
and  the  deuteron  energy  loss  in  the  stopping  foil  on  each 
shot.  The  thickness  of  the  stopping  foil  is  adjusted  so  that 
neutrons  from  the  two  CC>2  targets  can  be  resolved.  In  these 
experiments,  6.4-un  Mylar  and  aluminum  stopping  foils  are 
used.  Tne  time  interval  between  the  peak  of  the  ion  power  and 
the  peak  of  the  first  neutron  pulse  determines  the  neutron 
energy  from  the  front  CD2  target  and,  by  kinematic  calculation, 
the  incident  deuteron  energy.  The  time  separation  of  the  two 
neutron  peaks  provides  a  direct  measure  of  the  deuteron  energy 
loss  in  the  stopping  foil. 

The  results  of  stopping-power  measurements  using  both 
planar  and  spherical  diodes  are  presented  in  Fig.  3.  For  each 
case,  the  measurements  are  compared  to  the  cold-target  energy 
loss  deduced  from  measurements  of  stopping  cross  sections  by 
Andersen  and  Ziegler  [12].  The  measured  energy  losses  are 
significantly  larger  than  cold-target  values  in  all  cases 
except  for  the  planar  diode  with  a  Mylar  target.  In  this  case, 
the  measurements  are  consistent  with  cold-target  values. 

The  deuteron  energy  losses  deviate  from  that  in  a  cold- 
target  when  sufficient  ionization  occurs  in  the  stopping 
medium.  Hydrocode  calculations  which  model  this  experiment 
[13]  indicate  that  the  target  has  expanded  to  about  2-mm 
thickness  at  the  peak  of  the  power  pulse,  and  that  the  electron 
temperature  is  4  to  5  eV  at  50  kA/cm2  and  13  to  17  eV  at  250 
kA/cm2  for  an  aluminum  stopping  foil.  Similar  results  for 
Mylar  are  ~3  eV  at  50  kA/cm2  and  9  to  11  eV  at  250  kA/cm2.  The 
calculated  energy  losses  at  peak  power  are  shown  as  solid 
triangles  in  Fig.  3,  and  are  in  reasonable  agreement  with  the 
measurements.  For  the  experimental  conditions  where  a 
significant  number  of  free  electrons  are  produced  in  the 
stopping  foil,  the  measured  deuteron  stopping  is  enhanced  (Fig. 
3b,  c  and  d).  If  the  energy  deposition  produces  less 
ionization,  the  measured  energy  loss  is  consistent  with  cold- 
target  stopping  (Fig.  3a). 

5.  TRANSPORT  AND  FINAL  FOCUSING 

Intense  light-ion  beam  transport  in  z-discharge 
channels  provides  accelerator  standoff  from  ICF  targets  and 
allows  time-of-fl i ght  bunching  of  the  beam  to  higher 
intensity.  Stability  constraints  [14]  combined  with  channel 
expansion  and  beam-energy  loss  constraints  [15]  define  an 
operational  window  for  ion  transport.  Results  show  that  a 
larger  operational  window  exists  for  the  higher-atomic-weight 
species.  This  is  a  consequence  of  their  lower  currents  at 
equivalent  transported  power  levels.  Raising  the  channel 
density  somewhat  above  the  optimum  for  minimum  beam-energy  loss 
during  transport  relaxes  the  two-stream  and  channel  - 
filamentation  stability  constraints  and  the  channel -expansi on 
constraint  while  only  slightly  modifying  the  energy-loss 
constraint.  Increasing  tne  beam  radius  relaxes  the  two-stream 
stability  constraint  and  considerably  reduces  the  channel- 
expansion  and  beam  energy-loss  constraints. 


It  is  determined  that  mul ti -terawatt  beams  can  be 
transported  a  few  meters  in  large-radius  channels  with  beam 
divergence  half  angles  of  .1  to  .2  radians.  Such  angles  are 
presently  attainable  with  PRDs.  If  time-of-fl i ght  bunching 
during  transport  and  final  focusing  after  transport  are 
employed,  less  than  10  (and  as  few  as  4)  channels  are  required 
to  deliver  the  power  needed  to  ignite  a  pellet. 

Theoretical  results  show  factor-of-ten  increases  in 
final -focused  ion-current  density  for  beams  transported  in 
hollow  channels.  Channels  which  carry  discharge  current  in  the 
channel  interior  result  in  beam-brightness  loss  during 
transport  and  hence  cannot  be  compressed  as  well  by  the  final 
focusing  cell.  Focusing  cells  which  are  1/8  of  an  ion- 
betatron-wavelength  long  focus  the  beam  an  additional  1 78- 
wavelength  beyond  the  exit  of  the  focusing  cell.  This  1-2  cm 
drift  length  is  the  stand-off  distance  separating  the  cell  exit 
from  the  pellet.  High  plasma  densities  can  be  employed  in  the 
short  focusing  cell  without  excessive  beam-energy  loss  in  order 
that  the  plasma-MHD  response  can  be  minimized. 

A  final -focus  system  was  designed  and  fielded  on  the 
Gamble  II  accelerator  [16].  A  discharge  of  ~  100  kA  was 
initiated  by  an  external  capacitor  bank  along  the  Lexan 
insulator  which  was  filled  with  5-10  Torr  of  air.  Channel 
currents  were  chosen  to  match  a  1/4  betatron  wavelength  for  the 
ions  with  the  8  cm  channel  length.  A  convex  pinch-reflex  type 
anode  was  used  to  partially  offset  the  self  pinching  of  the  ion 
beam  in  the  diode  and  provide  a  nearly  parallel  trajectory 
injected  ion  beam.  When  aluminum  witness  plates  were  used, 
focusing  was  evidenced  by  rear  surface  spall  which  only 
appeared  over  the  exit-aperture  region  when  the  focusing 
current  was  turned  on.  Further  experiments  with  shadowboxes 
placed  downstream  of  the  exit-aperture  confirmed  that  a  well 
defined  focal  position  existed  and  that  no  large  scale  mixing 
of  the  ion  orbits  in  the  1/4  betatron  wavelength  focusing  cell 
occurred  during  focusing.  Results  agree  well  with  theoretical 
predictions.  Eventually,  experiments  will  be  performed  with 
this  final-focusing  system  placed  at  the  exit  of  the  transport 
system. 
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MODULAR  LIGHT -ION  ICF 


Fig.  1  Schematic  of  modular  light-ion  ICF  system. 
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Fig.  2  Equi tori al -pi nch-refl ex  diode. 


Fig.  3  Comparison  of  energy  loss 
measurement  with  planar 
(a  and  b)  and  spherical 
(c  and  d)  diodes  with  energy 
losses  curves  calculated  for 
col d-target . 


Measurements  of  intense  ion  beams  by  a  novel  diagnostic  method 
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A  new  diagnostic  method  capable  of  measuring  beam  profiles  and  trajectories  of  intense  ion 
beams  as  a  function  of  time  has  been  developed.  The  technique  employs  fast  photography  in 
conjunction  with  fast  scintillators.  Prior  to  detection,  the  excessive  intensity  of  the  direct  ion  beam 
is  reduced  by  means  of  Rutherford  scattering.  A  time  resolution  of  a  few  nanoseconds  and  a 
spatial  resolution  of  a  few  millimeters  has  been  achieved.  Using  this  technique  focusing  properties 
of  planar  and  spherical  pinch  reflex  diodes  have  been  investigated.  A  low  energy  electron  beam 
precursor  has  been  detected.  A  simple  model  for  its  production  is  presented. 

PACS  numbers:  52.70.Nc,  29.15.Cy,  41.80.Gg 


I.  INTRODUCTION 

The  use  of  light  ion  beams  for  inertial  confinement  fu¬ 
sion  requires  extremely  powerful  beams  of  particles  converg¬ 
ing  on  a  small  pellet.  Present  estimates*  indicate  that  10-100 
TW  beams  have  to  be  focussed  onto  a  pellet  a  few  millimeters 
in  diameter.  The  first  intense  ion  beams  were  produced  sev¬ 
eral  years  ago  on  the  NRL  Gamble  II  accelerator.3  Since 
then,  steady  progress  has  been  made  both  in  this  laboratory3 
and  elsewhere.4  The  most  intense  ion  beams  produced  in  a 
magnetically  insulated  diode  by  the  PROTO  II  generator5 
were  1.6  MA  of  protons  at  1.7  MV.  In  experiments  with  the 
pinch  reflex  diode  conducted  on  the  PITHON  generator,4  1 
MA  of  protons  at  1.8  MV  were  obtained.  This  is  still  a  long 
way  from  the  power  density  required  for  pellet  ignition,  and 
work  towards  achieving  this  goal  is  in  progress  in  several 
laboratories.  Clearly,  these  efforts  require  diagnostic  techni¬ 
ques  capable  of  measuring  the  ion  composition  of  the  beam, 
the  particle  energies,  the  current  density  and  its  distribution 
in  space,  as  well  as  the  directions  of  motion  of  the  ions.  Since 
the  temporal  behavior  of  these  quantities  has  to  be  known, 
the  data  have  to  be  measured  and  recorded  in  a  time  resolved 
way.  The  large  number  of  parameters  necessitates  the  use  of 
a  method  in  which  a  large  number  of  data  points  can  be 
recorded  simultaneously.  One  such  method  which  suggests 
itself  immediately  is  high  speed  photography  in  conjunction 
with  fast  scintillators.  Unfortunately,  scintillators  placed  di¬ 
rectly  in  the  path  of  ion  currents  of  tens  of  kiloamperes  per 
square  centimeter  cease  to  function  almost  immediately.  Ef¬ 
forts  to  reduce  the  ion  current  density  incident  on  the  scintil¬ 
lator  by  means  of  screens  or  pinhole  arrays  have  proved  un¬ 
successful.  This  failure  can  easily  be  understood  on  the  hand 
of  the  following  argument:  in  order  to  ensure  proper  func¬ 
tioning  of  a  plastic  scintillator  for  the  duration  of  the  beam 
pulse,  the  current  density  of  protons  striking  the  scintillator 
should  be  less  than  a  few  A/cmV  i.e.,  at  least  104  times  less 
than  present  day  beam  current  densities.  If  such  a  reduction 
has  to  be  achieved  by  expansion  of  a  beamlet  passing  through 
a  pinhole  (even  assuming  that  such  an  expansion  does  take 
place),  the  beamlet  diameter  has  to  increase  by  a  factor  of  100 
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before  reaching  the  scintillator.  In  order  to  prevent  the  pin¬ 
hole  from  closing  under  the  impact  of  the  powerful  ion  beam, 
the  pinhole  diameter  cannot  be  much  less  than  1  mm.  Ex¬ 
panding  the  diameter  of  such  a  beamlet  by  a  factor  of  100 
would  mean  a  spatial  resolution  of  100  mm,  which  would 
render  the  measurement  useless. 

In  this  work  we  present  a  time  resolved  ion  beam  diag¬ 
nostic  method  using  fast  photography  and  scintillators.  The 
desired  reduction  in  the  ion  flux  incident  on  the  scintillator  is 
achieved  by  Rutherford  scattering:  the  direct  beam  hits  a 
scatterer  and  only  deflected  ions  are  allowed  to  reach  the 
scintillator.  The  differential  scattering  cross  section  per  unit 
solid  angle  for  light  ions  scattered  by  heavy  nuclei  through 
an  angle  9  is  given  by 


sin4I<9’ 


with<70  =  {Zzez/l6ire0E  )2  [inks  units),  whereZisthe  atomic 
number  of  the  scattering  atom,  :e  the  charge  of  the  scattered 
ions,  E  the  kinetic  energy  of  the  ions,  and  e0  =  S.84X  10“  *: 
F/ m  is  the  permittivity  of  vacuum.  The  specific  functional 
dependence  of  aR  on  Z,  E,  and  d  can  be  exploited  to  obtain 
desired  properties  for  the  diagnostic  method.  So.  for  exam¬ 
ple,  the  desired  ion  flux  incident  on  the  scintillator  can  be 
achieved  by  an  appropriate  choice  of  the  atomic  number  of 
the  scattering  material. 

Using  a  simple  electronic  streaking  camera,  distribu¬ 
tions  of  ions  along  a  beam  diameter  were  measured  with-a 
time  resolution  of  about  2  ns  and  a  spatial  resolution  of  3-4 
mm.  In  other  experiments,  the  direction  of  motion  of  the 
ions  at  a  few  selected  radii  within  the  beam  was  recorded  as  a 
function  of  time. 

II.  THE  METHOD 

The  desired  reduction  in  ion  flux  and  the  required  spa¬ 
tial  and  temporal  resolution  can  be  achieved  in  a  variety  of 
geometrical  arrangements.  Figure  1  schematically  shows 
three  possible  geometries.  In  each  case  the  ion  beam  passes 
through  a  long  and  narrow  slit  before  impinging  on  a  scat¬ 
terer.  The  width  d  of  the  slit  is  chosen  as  small  as  possible. 
However,  it  should  be  large  enough  so  that  hydrodynamic 
motion  of  the  slit  jaws  under  beam  bombardment  does  not 
significantly  interfere  with  the  passage  of  the  beam  pulse. 
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FIG  1  Schematic  diagram  of  the  Rutherford 
scattenng  method  showing  three  possible  geo¬ 
metries.  I:  reflection  geometry  with  proximity 
focusing;  II:  transmission  geometry  with  prox¬ 
imity  focussing;  III;  transmission  geometry 
with  collimation.  The  entrance  slit,  the  scat- 
terer,  and  the  scintillator  extend  along  the  x  di¬ 
rection  over  the  entire  beam  diameter 


The  length  of  the  slit  in  the  .t  direction  isee  Fig.  1)  should  be 
large  enough  to  let  an  entire  beam  diameter  reach  the  scat- 
terer.  The  latter  has  the  form  of  a  long  and  narrow  strip  large 
enough  to  intercept  the  beam  passing  through  the  slit.  The 
different  geometries  can  be  classified  into  four  general  cate¬ 
gories;  the  scattered  ions  can  be  observed  either  in  reflection 
or  in  transmission  and  spatial  resolution  can  be  achieved 
either  by  proximity  focussing  or  by  collimation  isee  Fig.  1). 
Since  in  reflection  the  incident  and  the  scattered  particles  are 
on  the  same  side  of  the  scattered  both  thin  and  thick  scat¬ 
tered  can  be  used.  In  transmission  only  thin  foil  scatterers 
can  be  employed.  In  proximity  focussing  l scintillators  I  and 
II  in  Fig.  1),  the  scintillator  has  the  form  of  a  long  and  narrow 
strip  parallel  to  the  scatterer  and  is  placed  as  close  as  possible 
to  the  scatterer,  while  still  remaining  shielded  from  the  di¬ 
rect  beam.  The  spatial  resolution  is  determined  by  and  is  of 
the  order  of  the  distance  traveled  by  the  ion  from  the  scat¬ 
terer  to  the  scintillator.  The  finite  dimension  d  of  the  beam 
puts  a  limit  to  the  proximity  and  therefore  limits  the  resolu¬ 
tion.  Because  of  the  pronounced  forward  peaking  of  the 
Rutherford  cress  section  the  resolution  can  be  improved  by 
mainly  looking  at  ions  scattered  through  small  angles,  even 
at  the  expense  of  increasing  the  distance  traveled  by  the  ions 
from  the  scatterer  to  the  scintillator.  The  optimal  choice  of 
the  scattering  angle  and  of  the  distance  will  be  discussed 
later.  In  the  collimation  method  the  scattered  ions  reach  the 
scintillator  through  a  row  of  collimator  tubes  i  preferably  ad¬ 
jacent  collimators  with  thin  walls  and  square  or  rectangular 
cross  sections).  Here,  the  spatiai  resolution  is  determined  by 
the  size  of  the  collimators  in  the  x  direction  and  by  their 
length  and  distance  from  the  scatterer.  In  principle,  any  de¬ 
sired  resolution  can  be  achieved,  provided  that  the  flux  of 
ions  reaching  the  scintillator  is  sufficient  for  detection.  Prox¬ 
imity  focussing  and  collimation  can  be  used  in  conjunction 
with  both  reflection  and  transmission  scattering,  thus  giving 
the  four  general  geometrical  categories. 

In  the  work  described  here  two  geometries  were  tried 
successfully,  viz.,  transmission  scatterer  with  a  collimator 
array  and  reflection  scatterer  with  proximity  focussing.  The 
latter  method  offers  many  practical  advantages; 

*  1 1  One  can  use  a  thick  scatterer,  thus  making  its  mount¬ 
ing  and  handling  easier.  Also,  many  materials  which  are 
usually  not  available  as  thin  foils  can  serve  as  scatterers. 

1 2)  When  proximity  focussing  is  used  there  is  no  need 
for  a  rather  delicate  array  of  collimator  tubes,  which  is  easily 


damaged  by  the  debris  produced  by  a  high  power  ion  beam. 

I  On  the  other  hand,  the  use  of  collimators  eliminates  the 
necessity  of  an  entrance  aperture.  This  makes  possible  the 
use  of  high  speed  framtng  photography,  producing  two-di¬ 
mensional  records  of  the  beam  cross  section). 

1 3)  For  a  thick  reflection  scatterer  the  light  output  of  the 
scintillator  depends  only  weakly  on  the  ion  energy  'see  fol¬ 
lowing  paragraphs)  and  is  therefore  primarily  a  measure  of 
the  ion  current  density  in  the  beam.  This  is  an  advantage 
when  one  wants  to  measure  the  beam  profile  as  a  function  of 
time  while  the  diode  voltage  is  changing. 

Since  the  achievable  spatial  resolution  of  a  few  millime¬ 
ters  was  deemed  sufficient  for  our  purpose,  practically  all 
experiments  were  done  using  a  thick  reflection  scatterer  in 
conjunction  with  proximity  focussing  and  it  will  be  this 
method  that  we  shall  describe  here  in  detail. 

Let  us  first  consider  the  factors  determining  the  spatial 
resolution  of  the  proximity  focussing.  Assume  a  thin  pencil 
beam  moving  in  the  z  direction  in  the  x-z  plane  isee  Fig.  2). 
Let  this  beam  be  scattered  at  point  0  by  a  scatterer.  The 
narrow  strip  scintillator,  placed  parallel  to  the.x  axis  and  at  a 
distance  s  from  the  scatterer,  determines  together  with  the 
scatterer  the  plane  of  scattering  which  makes  an  angle  a  with 
the  x-z  plane.  5  =  s  sin  a  is  the  distance  between  the  scintil¬ 
lator  and  the  beam  plane.  Let  OP0  be  the  trajectory  of  scat¬ 
tered  particles  incident  on  the  scintillator  at  a  right  angle  at 
the  point  P  0  and  let  OP  be  another  trajectory  in  the  scattering 
plane  making  an  angle/?  with  OP°  and  reaching  the  scintilla¬ 
tor  at  a  point  P.  We  shall  define  the  spatial  resolution  as 
twice  the  distance  between  the  point  P°  and  a  point  P 1  in 
which  the  flux  of  scattered  particles  is  one  half  that  at  point 


FIG.  2.  Geometrical  quantities  determining  the  spatial  resolution  in  prox¬ 
imity  focussing 
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P°.  It  is  clear  that  for  a  given  angle  a  the  resolution  distance 
2P°P  '  is  proportional  to  <5,  which  should,  therefore,  be  cho¬ 
sen  as  small  as  possible.  Let  us  now  determine  how  the  reso¬ 
lution  depends  on  the  angle  a.  We  introduce  a  dimensionless 
resolution  2 R,  where  R  =  P°P  ‘/<5.  For  an  isotropic  scatter¬ 
ing  process  the  scattered  intensity  per  unit  area  of  scintillator 
I\  P  \  at  any  point  P  will  be  inversely  proportional  to  the 
square  of  the  distance  to  the  scattering  point  0.  Therefore, 

Illl  =  £“£  =0.5,  ,21 

HP0)  r 

where s  and  r  denote  the  distance  OP  0  and  OP ' ,  respectively , 
Simple  trigonometiy  immediately  leads  to  the  result 

„  0.77 


For  optimum  resolution  R  should  be  minimum,  i.e.,a  =  90°. 
This  is  obvious  since  a  =  90°  also  means  the  shortest  dis¬ 
tance  between  the  scatterer  and  the  scintillator.  This  is  the 
essence  of  proximity  focussing.  The  Rutherford  scattering 
cross  section  aR  is  far  from  isotropic.  Its  strongly  forward 
peaked  distribution  suggests  that  angles  a  <  90°  may  result  in 
improved  spatial  resolution.  Since  the  scattering  cross  sec¬ 
tion  aR  —  l/sm4i(9  one  gets,  instead  of  Eq.  i2), 

Iipl)  =  s1  cos/?  sin*  la  -  4 

I\P°)  r  sinhtf 

Let  us  start  by  assuming  that  the  optimum  angle  is  very 
much  smaller  than  90°  so  that  the  approximation  sin  a~ 2 
sin  la  is  acceptable  and  that  the  same  approximation  may  be 
used  for  the  scattering  angles  9.  Then  one  gets,  instead  of  Eq. 


R2ae|l  ^bz)'l2-b,  '  (5) 

where  b  =  1  —  cos:a).  Equation  15)  means  that  the  best  re¬ 
solution  is  obtained  for  very  small  angles  a.  In  spite  of  the 
approximations  used  in  Eq.  !5),  it  deviates  by  less  than  10% 
from  the  exact  result  for  the  full  range  of  angles  0°<a<90°. 
Figure  3  shows  the  dependence  of  R  on  the  angle  a.  It  can  be 
seen  that  the  dependence  is  not  very  strong  and  that  the 
optimum  at  a  =  0  is  not  very  pronounced. 

Clearly,  in  practice,  the  angle  a  cannot  be  made  very 
small.  Aside  from  the  finite  dimensions  of  the  beam,  of  the 


FIG.  3.  Dimensionless  resolution  R  as  a  function  oi  the  inglea.  Numerical 
solution  cf  Eq.  .*):  broken  line;  approximate  analytical  expression  [Eq.  ‘  ]: 
solid  line 


scatterer,  and  of  the  scintillator,  which  determine  a  range  of 
angles  rather  than  a  single  angle  a,  it  should  be  remembered 
that  the  scattering  process  is  used  here  to  reduce  the  flux  of 
ions  incident  on  the  scintillator  Since  <jr  — when  9— «0, 
using  angles  a~0  would  defeat  the  very  purpose  of  the 
method.  However,  for  a  —  40°  the  resolution  is  only  10% 
worse  than  the  theoretical  optimum.  Therefore,  the  spatial 
resolution  in  proximity  focussing  will  be 

2jR<5~2d>[(I  ~b-\'  3  —  6  ]'  :,  (6) 

where  <5  should  be  chosen  as  small  as  possible,  within  the 
limitations  of  the  experiment.  For  a  =  40°  and  <5~3.5  mm, 
LK<5~5  mm. 

For  a  thick  scatterer,  ions  deflected  at  large  angles  0 
generally  lose  more  energy  in  the  scatterer  land  therefore 
produce  less  light  in  the  scintillator)  than  the  ones  scattered 
at  0  ■=  0.  This  effect  tends  to  improve  the  spatial  resolution. 
Experimentally,  the  resolution  obtained  with  a  thick  scat¬ 
terer  is  about  30%  better  than  the  value  calculated  using  Eq. 
16). 

Let  us  now  consider  the  dependence  of  the  light  output 
of  the  scintillator  on  the  properties  of  the  ion  beam  !  panicle 
flux  and  energy),  on  the  properties  of  the  scatterer  .atomic 
number  Z),  and  on  the  geometry  of  the  experimental  ar¬ 
rangement  i  distance  5  and  range  of  angles  a). 

For  low  enough  ion  current  densities  incident  on  the 
scintillator,  the  light  flux  produced  is  approximately  propor¬ 
tional  to  the  power  density  of  the  ions  reaching  the  scintilla¬ 
tor.3  As  the  power  density  rises,  the  scintillator  response  be¬ 
comes  nonlinear,  reaching  saturation  and  then  even 
declining  to  zero.1  The  sensitivity  of  the  light  recording  sys¬ 
tem  should  be  such  that  an  observable  record  is  produced 
while  the  scintillator  still  functions  in  its  linear  range.  For  an 
electronic  streaking  camera  the  sensitivity  is  determined  by 
the  product  of  the  gathering  power  of  the  input  optics,  the 
light  amplification  of  the  image  convener,  the  streaking 
speed,  the  efficiency  of  light  transfer  from  the  fluorescent 
screen  to  the  recording  film,  and  the  sensitivity  of  the  photo¬ 
graphic  film.  For  any  given  beam  intensity  the  desired  ion 
flux  on  the  scintillator  can  be  achieved  by  choosing  the  an¬ 
gles  a  and  the  atomic  number  of  the  scattering  material 
[<jR  ~ZZ).  A  linear  dependence  of  scintillator  output  on  the 
incident  ion  power  will  be  assumed  in  the  following. 

It  will  now  be  shown  that  the  light  output  of  a  scintilla¬ 
tor  operating  in  conjunction  with  a  thick  scatterer  in  reflec¬ 
tion  is,  to  a  rough  approximation,  independent  of  the  ion 
energy  and  is,  therefore,  approximately  proportional  to  the 
ion  current.  Assume  again  a  thin  pencil  beam  stricking  a 
thick  scatterer  at  point  0  and  consider  only  ions  scattering  in 
the y-z  plane  through  an  angle  a  and  reaching  the  scintillator 
at  point  P°  (see  Fig.  2).  'This  restriction  is  strictly  valid  for  the 
collimation  method  only.)  Also,  assume  that  the  specific  en¬ 
ergy  loss  dE  / dz  of  ions  moving  through  the  scatterer  materi¬ 
al  is  independent  of  ion  energy.  Admittedly,  this  is  a  rather 
coarse  approximation.  However,  the  stopping  range  of  0.1- 
1.2  MeV  protons  is  roughly  proportional  to  their  energy.9 
Let  £0  be  the  energy  of  the  ions  incident  on  the  scatterer,  E. 
the  energy  of  ions  scattered  at  the  depth  :  in  the  scatterer, 
and  Eu  their  energy  when  reaching  the  scintillator.  Under 
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the  above  assumptions,  E,  =  E0  —  z  dE  /dz  and 
Ea  =  E0  —  az  dE  /dz,  where  a  is  a  dimensionless  factor 
(a  >  1 )  which  depends  on  the  angle  a  and  on  the  inclination  of 
the  scatterer  surface  to  the  beam  direction.  The  maximum 
depth  zm  from  which  ions  can  still  reach  the  scintillator  is 
determined  by  Ea  =  0  =  E0  —  azm  dE  /dz  from  which  fol¬ 
lows  that  zm  is  proportional  to  £0.  Therefore,  the  average 
energy  £.  at  scattering  is  also  proportional  to  £0.  Since  the 
scattering  cross  section  aR  ~£  ~ :,  the  number  of  scattered 
ions  .V— y£~  1zm  ~£0-  *,  i.e.,  -V£0  is  independent  of  £0. 
Since  the  ion  energy  flux  incident  on  the  scintillator  is  pro¬ 
portional  to  XEa  —  .V£0,  this  energy  flux  is  also  independent 
of  £0.  Thus,  under  the  above  assumptions,  the  light  output  of 
the  scintillator  is  independent  of  the  kinetic  energy  of  the 
ions  and  depends  linearly  on  their  current.  Although  for 
proximity  focussing  scattering  outside  the  y  —  z  plane  can¬ 
not  be  entirely  neglected,  it  can  safely  be  said  that  even  there 
the  light  output  of  the  scintillator  depends  only  weakiy  on 
the  particle  energy.  For  an  ion  beam  pulse  in  which  the  parti¬ 
cle  energy  strongly  varies  as  a  function  of  time,  this  feature  of 
the  diagnostic  can  be  attractive. 

In  the  diagnostic  method  presented  here  the  desired  re¬ 
duction  in  ion  current  density  reaching  the  scintillator  is 
achieved  by  means  of  Rutherford  scattering.  We  shall  now 
derive  the  expression  for  this  reduction  factor.  Consider  a 
beam  of  infinite  cross  section  composed  of  light  ions  moving 
along  the  z  direction  and  let  the  current  density  i  within  the 
beam  be  constant.  Let  this  beam  pass  through  a  narrow  slit 
(width  d )  extending  along  the  x  direction  and  let  it  impinge 
upon  a  scatterer  parallel  to  the  x  axis.  The  scattered  ions  are 
detected  by  a  narrow  strip  of  scintillator  placed  parallel  to 
the  x  axis  at  a  distance  s  from  the  scatterer  (see  Fig.  2).  The 
scatterer  and  the  scintillator  define  the  scattering  plane 
which  makes  an  angle  a  with  the  plane  of  the  beam.  Assume 
the  surface  of  the  scintillator  to  be  perpendicular  to  the  scat¬ 
tering  plane.  The  current  density  of  ions  ia  incident  on  the 


scintillator  is  given  by 

.  =  %idnz„(T0  r/2__d0__ 

s  Jo  ( 1  —  cos  a  cos  /?  )z 

%idnz_aQ  ,  ,  , 

=  - -  [cot  a  +  (-  —  ajcsc-a],  (7) 

<5 

where  n  is  the  number  of  scattering  nuclei  per  m3  and 
5  =  s  sin  cr  is  the  distance  of  the  scintillator  from  the  median 
plane  of  the  beam. 

CT0|m2)=  1.30xl0-MZV/£:  |MeV). 

For  1-MeV  protons,  scattered  by  copper  (Z  =  29)  and  for 
d  =  1  mm,  <5  =  3.5  mm,  and  a  =  40*,  the  reduction  factor  is 

ia/i  =  6.7  x  10"4. 

Here,  zm  was  assumed  to  be  one  half  the  range  of  1-MeV 
protons  in  copper.  These  are  the  approximate  values  of  the 
parameters  used  in  our  experiments.  The  reduction  factor 
can  easily  be  increased  or  reduced  by  up  to  an  order  of  mag¬ 
nitude  by  a  suitable  choice  of  the  atomic  number  of  the  scat¬ 
tering  material. 

III.  THE  EXPERIMENTAL  ARRANGEMENT 

Proton  beams  of  several  hundreds  of  kiloamperes  at  1- 
1.5  MV  were  produced  in  a  pinch  reflex  diode3  on  the  up¬ 
graded  Gamble  II  generator10  operating  in  positive  polarity. 
Both  planar  and  curved  (focussing)  anode  foils  approximate¬ 
ly  10  cm  in  diameter  were  used.  In  Fig.  4  a  planar  pinch 
reflex  diode  with  the  diagnostic  equipment  in  the  drift  tube  is 
shown.  The  current  densities  encountered  in  these  experi¬ 
ments  ranged  from  a  few  kiloamperes  per  square  centimeter 
to  more  than  100  kA/cm:,  depending  on  the  diode  geometry 
and  on  the  distance  from  the  diode.  The  experimental  ar¬ 
rangement  for  detecting  the  ions  by  the  Rutherford  scatter¬ 
ing  method  is  shown  in  Fig.  5.  The  beam  aperture,  the  sup¬ 
port  for  the  scatterer,  the  support  for  the  scintillator  and  for 
the  optical  mirror  were  machined  from  two  solid  blocks  of 
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FIG.  a  Schematic  diagram  of  a  planar  pinch  redes  diode,  the  drift  tube,  and  FIG  5.  Cross  section  through  the  entrance  aperture,  the  scatterer.  and  the 
the  diagnostic  equif  nent.  scintillator  support.  Note  the  magnets  in  front  of  the  entrance  aperture. 
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aluminum  which  together  formed  the  structure  shown  in 
Fig.  5.  This  structure  could  be  taken  apart  for  installing  the 
scatterer  and  the  scintillator.  The  beam  aperture  had  the 
form  of  a  narrow  slit,  1  mm  wide  and  10  cm  long.  This  aper¬ 
ture  extended  along  a  diameter  of  the  circularly  symmetric 
ion  beam.  The  scatterer  was  an  approximately  3  mm  wide 
and  10  cm  long  strip  of  metal  (usually  thicker-than-range 
copper  tapei  which  intercepted  the  entire  beam  passing 
through  the  aperture.  Its  surface  made  a  30’  angle  with  the 
beam  direction.  The  NE  102  scintillator  was  4.5  mm  wide, 
10  cm  long,  and  40,um  thick.  It  was  positioned  above  the 
scatterer.  with  its  surface  parallel  to  the  plane  of  the  incident 
beam  and  at  a  distance  of  3.5  mm  from  it.  The  scattering 
angles  a  ranged  from  30*  to  TO*,  but  because  of  the  forward 
peaking  of  the  scattenng  the  average  angle  was  ctm4 0*  In 
order  to  minimize  the  background  due  to  x  rays  and  fast 
electrons  the  thickness  of  the  scintillator  was  chosen  approx¬ 
imately  equal  to  the  range  of  the  protons.  On  the  surface 
facing  the  scatterer  the  scintillator  was  coated  with  approxi¬ 
mately  1000  A  of  aluminium  in  order  to  prevent  light  pro¬ 
duced  by  the  ion  beam  striking  the  scatterer  from  reaching 
the  camera.  The  light  of  the  scintillator  was  recorded  by  a 
TRW  model  ID  image  converter  camera  with  a  model  12b 
streak  plug-in  unit.  The  objective  lens  had  an  f  number  of  2 
and  the  fluorescent  screen  of  the  camera  was  photographed 
through  an  fl.4  lens  on  3000  ASA  Polaroid  film.  The  scintil- 
lator-to-film  demagnification  was  approximately  1/4  and 
the  streaking  speed  was  0.5  mm/ ns.  The  reduction  factor 
i,/i  =  6.7X  lO-4  calculated  in  the  previous  section  applies 
approximately  to  this  experimental  arrangement.  The  fact 
that  here  the  scattered  particles  are  not  normally  incident  on 
the  scintillator  surface  reduces  the  ion  current  density  on  the 
scintillator  by  another  factor  of  sin  a.  However,  as  a  conse¬ 
quence  of  this  the  ion  energy  is  deposited  in  a  layer  thinner 
by  a  factor  sm  a  so  that  the  energy  dissipated  per  unit  mass 
of  scintillator  material  remains  the  same  and  this  additional 
reduction  in  current  density  serves  no  useful  purpose.  How¬ 
ever,  this  particular  orientation  of  the  scintillator  surface 
was  chosen  for  its  simplicity  in  machining  the  support  and  in 
mounting  the  scintillator.  This  was  particularly  important 
since  both  the  scatterer  and  the  scintillator  had  to  be  re¬ 
placed  after  every  shot. 

The  diagnostic  equipment  shown  in  Fig.  5  fitted  into  a 
15-cm-diam  drift  tube  filled  with  approximately  1  Torr  of 
air.  Beyond  a  certain  minimum  distance  from  the  pinch  re¬ 
flex  diode  the  equipment  could  be  positioned  anywhere 
along  the  drift  tube.  The  minimum  distance  varied  from  6  to 
12  cm,  depending  on  the  presence  of  deflection  magnets  (see 
further!  and  of  a  Rogowski  coil  which  measured  the  net  ion 
current  'see  Fig.  4i.  The  ion  beam  entered  the  drift  tube 
through  a  2-,um-thick  Kimfol"  near  the  cathode.  This  foil 
separated  the  air  in  the  drift  tube  from  the  vacuum  in  the 
diode.  The  air  was  required  to  space  charge  and  current  neu¬ 
tralize  the  ion  beam  and  thus  facilitate  its  nearly  ballistic 
propagation  down  the  drift  tube. 

In  most  of  the  experiments  a  set  of  permanent  magnets 
were  placed  before  the  entrance  aperture  of  the  Rutherford 
diagnostic  equipment.  These  magnets  produced  a  transverse 
magnetic  field  of  about  1.5  kG  over  2  cm,  which  prevented 
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electrons  preceding  or  accompanying  the  ion  be3m  from 
reaching  the  scatterer.  The  function  of  these  magnets  will  be 
discussed  in  the  next  section. 

IV.  MEASUREMENTS 

In  the  first  experiments  using  the  Rutherford  diagnos¬ 
tic  method  it  was  discovered  that  the  ion  beam  is  preceded  by 
a  hollow  electron  beam.  Figure  6  shows  two  streak  photo¬ 
graphs  taken  at  a  distance  of  20  cm  from  the  anode  of  a 
spherical  diode.  The  two  photographs  were  obtained  under 
similar  experimental  conditions  except  that  the  photograph 
in  Fig.  6ibi  was  taken  with  a  1.5-kG  transverse  magnetic  field 
preceding  the  entrance  aperture  of  the  diagnostic  equip¬ 
ment.  Figure  6ia!  shows  two  distinct  parts  in  the  signal.  In 
Fig.  6ibi  it  can  clearly  be  seen  that  the  magnetic  field  totally 
removes  the  early  part  of  the  signal  without  affecting  it  at 
later  times.  This  indicates  that  the  first  part  of  the  signal  in 
Fig-  6(a)  is  due  to  electrons,  as  opposed  to  the  second  part 
which  is  due  to  ions.  By  covering  the  scintillator  with  absorb¬ 
ers  of  various  thicknesses  it  was  determined  that  these  elec¬ 
trons  have  an  energy  of  40-30  keV.  In  the  transverse  mag¬ 
netic  field  of  1.5  kG  such  electrons  have  a  Larmour  radius  of 
rotation  of  about  0.5  cm  and  would  therefore  be  unable  to 
reach  the  scatterer.  in  agreement  with  the  observations.  The 
time  delay  between  the  appearance  of  the  electrons  and  of 
the  ions  is  due  to  the  largely  different  transit  times  and  is 
consistent  with  both  beams  being  produced  in  the  diode  at 
the  same  instant.  From  the  relative  light  intensities  produced 
by  the  two  beams  and  taking  into  account  transmission 
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FIG.  6.  Streak  photographs  taken  using  the  Rutherford  scattenng  method 
sphencal  pinch  reflex  diode.  Diagnostics  positioned  beyond  the  focal  point, 
lai  Without  magnetic  field:  .bi  with  transverse  magnetic  field  The  sharp 
black  lines  are  flducial  marks. 
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through  the  entrance  aperture,  differences  in  scattering 
cross  sections,  and  scintillator  response,  it  follows  that  the 
flux  of  electrons  is  about  an  order  of  magnitude  smaller  than 
that  of  the  ions.  This  indicates  an  electron  current  of  the 
order  of  20  kA. 

The  interaction  of  the  electron  flow  with  the  gas  in  the 
drift  tube  is  responsible  for  partial  ionization  and  generation 
of  a  net  current  I,,  which  is  about  one  half  of  the  electron 
current12  for  the  present  experiment.  The  magnetic  field  as¬ 
sociated  with  this  net  current  allows  the  electron  beam  to 
propagate  from  the  cathode  to  the  diagnostic  apparatus.  The 
magnetic  field  produced  by  the  net  current  can  confine  elec¬ 
trons  with  an  emission  angle  of  less  than  9  given  by 13 

/,|A)  =  U?M7-10V-  l:1'-. 

where  y  is  the  relativistic  mass  ratio.  For  /,  =  10  kA  and 
y  =  1.1  1 50  keV  electronsi,  #~1.3  rad,  which  shows  that 
most  of  the  electrons  propagate.  On  the  other  hand,  note  that 
a  much  more  intense  electron  beam  would  not  propagate 
because  of  the  Alfven  limit. 14  Of  course,  beyond  the  entrance 
aperture  and  on  the  way  to  the  scatterer  the  electron  beam  is 
no  more  confined  by  its  own  magnetic  field  and  therefore  it  is 
strongly  attenuated  iby  a  factor  of  approximately  40)  before 
reaching  the  scatterer.  This  was  taken  into  account  while 
deducing  the  electron  current  from  the  ratio  of  light  emitted 
in  the  scintillator  by  the  electrons  and  the  ions.  A  possible 
mechanism  for  production  and  emission  of  such  energetic 
electrons  from  the  diode  will  be  discussed  later. 

If  the  beam,  on  its  way  to  the  scintillator,  is  intercepted 
by  a  beam  stop,  generally  a  distinct  shadow  will  appear  on 
the  scintillator.  By  choosing  the  proper  size  and  location  of 
the  beam  stop  various  goals  can  be  achieved:  thus,  placing 
narrow  1 1  mm  wide)  beam  stops  directly  under  the  scintilla¬ 
tor  produces  very  thin  and  sharp  dark  lines  in  the  streak 
photographs  which  can  be  used  as  geometric  fiducial  marks. 
Two  such  fiducial  marks  are  shown  both  in  Figs.  6(a)  and 
6ibi. 

A  narrow  beam  stop  immediately  preceding  the  scat¬ 
terer  produces  a  dark  line  from  the  width  of  which  the  spatial 
resolution  of  the  diagnostic  equipment  can  be  deduced.  In 
this  way,  a  spatial  resolution  iFWHM)  of  3.5  mm  was  deter¬ 
mined  for  the  diagnostic  equipment  used  here,  in  good  agree¬ 
ment  with  theoretical  predictions. 

Placing  a  narrow  beam  stop  some  way  upstream  >  e.g.,  at 
the  entrance  aperture  of  the  equipment!  will  again  produce  a 
distinct  shadow  on  the  scintillator,  provided  the  beam  pani¬ 
cles  move  along  straight  lines  and  the  beam  is  not  excessively 
convergent  or  divergent  at  the  point  of  observation.  In  Fig. 
6|bi  two  such  shadows  were  produced  by  two  5-mm-wide 
beam  stops  placed  at  the  entrance  aperture  of  the  diagnostic 
equipment.  From  the  radial  position  of  these  shadows,  as 
measured  on  the  scintillator,  and  from  the  known  radial  po¬ 
sitions  of  the  beam  stops  and  their  distance  from  the  scintil¬ 
lator,  the  direction  of  motion  of  the  ions  at  these  radii  in  the 
beam  can  be  determined.  Thus,  in  the  measurement  shown 
in  Fig.  bib',  protons  entering  the  diagnostic  equipment  at 
radii  r  =  ~  20  mm  diverge  with  an  angle  of  13’  with  the 
beam  axis.  It  can  be  seen  that  this  angle  remains  almost  con¬ 
stant  throughout  the  beam  pulse.  By  placing  an  array  of  nar- 
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row  beam  stops  at  selected  radii  divergence  tor  convergence) 
angles  can  be  measured  as  a  function  of  radius  and  of  time. 
At  the  same  time  variations  of  beam  intensity  as  a  function  of 
radius  and  time  can  be  deduced  from  the  light  intensity  of  the 
scintillator  in  the  intervals  between  the  shadows  of  beam 
stops.  This  technique  very  much  enhances  the  power  of  this 
diagnostic  method. 

In  order  to  be  able  to  make  accurate  relative  measure¬ 
ments  of  beam  intensities,  the  scintillator  must  be  used  in  its 
linear  range.  Also,  the  streak  image  should  be  recorded  on  a 
wide  dynamic  range  transparent  film.  These  requirements 
can  only  be  satisfied  by  using  an  image  converter  camera 
with  a  sufficiently  high  light  gain.  Such  cameras  are  readily 
available  commercially.  Unfortunately,  such  a  camera  was 
not  available  in  our  experiments  so  that  high  speed  3000 
ASA,  nontransparent,  low  dynamic  range  Polaroid  film  had 
to  be  used.  Also,  the  scintillator,  while  not  totally  saturated, 
had  to  be  used  in  a  range  where  deviations  from  linearity  are 
not  negligible.  .All  this  made  reliable  intensity  ratio  measure¬ 
ments  impossible.  However,  interesting  qualitative  observa¬ 
tions  could  still  be  made. 

In  Fig.  7  a  streak  photograph  taken  without  a  trans¬ 
verse  magnetic  field  again  shows  an  electron  beam  preceding 
the  ion  beam.  The  dark  lines  in  the  lower  half  of  the  picture 
are  produced  by  2-mm-wide  beam  stops  of  varying  thickness 
(see  legend)  placed  directly  under  the  scintillator.  They  de¬ 
viate  from  straight  lines  because  of  image  convener  over¬ 
loading  and  distortion.  The  dark  band  shown  at  the  upper 
edge  of  the  streak  picture  is  due  to  an  3-mm-wide  beam  stop 
(24-mg/cm:-thick  polyvinylchloride)  placed  at  the  entrance 
aperture  of  the  equipment.  This  dark  band,  which  clearly 
shows  in  the  ion  pan  of  the  picture,  is  very  diffuse  and  can 
barely  be  seen  in  the  electron  pan  of  the  streak.  This  pheno- 
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FIG  "  A  streak  photograph  taken  with  %  anous  thicknesses  absorbers.  Up¬ 
per  edge:  8  mm  wde.  24  mg/cm:  thick  w.nyl  tape  placed  over  the  entrance 
aperture  28  mm  from  the  scintillator .  all  other  absorbers  2  mm  wide  and 
places  directly  under  the  scintillator.  From  center  to  bottom:  24  mg/cm: 
thick  vinyl.  5  mg/cnr  aluminum.  10  n*.  rrrr  aluminum.  1.1  mg,  cm:  alu¬ 
minum.  2.2  mg/cm:  aluminum.  The  dark  lines  near  the  edges  of  the  streak 
picture  are  artifacts  due  to  light  reflections. 
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FIG  3.  A  streak  photograph  of  a  convergent  ion  beam  from  a  spherical 
reflex  diode  taken  beyond  the  focal  point.  The  rwo  sharp  dark  lines  at  the 
center  are  fiducial  marks.  The  other  dark  lines  are  due  to  beam  stops  placed 
at  the  entrance  aperture  [see  text  and  Fig.  10). 

menon  cannot  be  explained  by  assuming  that  the  PVC  is 
highly  transparent  to  the  electrons  since  the  same  thickness 
of  PVC  placed  directly  under  the  scintillator  (center  of  streak 
in  Fig.  7)  produced  a  sharp  black  shadow  both  in  the  ion  and 
in  the  electron  pan  of  the  picture.  Thus,  the  diffuseness  of 
the  shadow  can  only  be  due  to  the  fact  that  the  panicles 
incident  on  the  beam  stop  do  not  move  in  parallel  trajector¬ 
ies.  The  self-magnetic  field  of  a  20-kA  beam  of  50-keV  elec¬ 
trons  would  produce  enough  bending  of  the  electrons  to  ex¬ 
plain  the  diffuseness  of  the  shadow.  This  result  is  entirely 
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FIG  9.  Diode  voltage,  diode  current,  and  ion  currenr  waveforms.  Zero  time 
corresponds  to  the  onset  of  ion  current  in  the  streak  photograph,  corrected 
for  the  ion  time  of  flight. 


FIG  10.  Reconstruction  of  the  ion  trajectories,  using  data  shown  in  Fig.  3. 
The  shaded  area  of  the  scintillator  corresponds  to  the  illuminated  pan  of  it. 

consistent  with  the  estimates  of  electron  energy  and  current 
presented  in  the  preceding  paragraphs. 

The  technique  of  beam  stops  placed  at  the  entrance  to 
the  Rutherford  scattering  equipment  was  used  to  determine 
the  focusing  properties  of  a  spherical  pinch  reflex  diode.3 
The  anode  foil  had  a  radius  of  curvature  of  127  mm,  the 
anode-to-cathode  distance  was  5  mm,  and  the  anode-to- 
Kimfol  distance  was  23  mm.  Figure  8  shows  a  streak  photo¬ 
graph  taken  with  beam  stops  placed  at  r  =  —  7.5,  14.5,  21.5, 
and  2S.5  mm  at  a  distance  of  142  mm  from  the  apex  of  the 
spherical  diode.  The  distance  between  the  beam  stops  and 
the  scintillator  was  28  mm.  The  two  thin  dark  lines  visible  at 
the  center  of  the  photograph  are  fiducial  markers  placed  un¬ 
der  the  scintillator  at  r  —  —  S  mm.  Figure  9  shows  the  diode 
voltage,  diode  current,  and  the  icn  current  entering  the  drift 
tube.  Zero  time  marks  the  onset  of  the  ion  current  in  the 
streak  photograph  'corrected  for  the  time  of  flight  of  the 
ions).  An  analysis  of  the  shadows  produced  by  the  beam 
stops  on  the  scintillator  and  a  reconstruction  of  the  ion  tra¬ 
jectories  are  shown  in  Fig.  10.  It  can  be  seen  that  as  time 
progresses  and  the  diode  current  rises  the  ion  trajectories  are 
bent  more  and  more  towards  the  diode  axis,  deviating  from 


7286 


J.  Aool.  P*iys.  Vol.  53.  No.  1 1 .  Novemoer  * S82 


Biaugrund  St9orana*,s.  anc  Goicstem 


7286 


t- —  I 


— t  20  ns 

FIG.  11.  A  streak  photograph  of  an  ion  beam  from  a  planar  pinch  reflex 
diode. 


the  geometric  focus.  The  shaded  area  of  the  scintillator  in 
Fig.  10  corresponds  to  the  illuminated  part  of  it.  The  edge  of 
the  illumination  corresponds  to  ion  emission  from  the  outer 
radius  of  the  anode  [r  =  5  cm).  Because  the  trajectories  are 
bent  more  and  more  as  the  dicde  current  rises,  the  illuminat¬ 
ed  diameter  of  the  scintillator  increases  with  time.  This  can 
clearly  be  seen  in  the  photograph  in  Fig.  S. 

Figure  1 1  shows  a  streak  photograph  obtained  with  an 
ion  beam  from  a  planar  pinch  reflex  diode.  Here,  2-mm-wide 
apertures  rather  than  beam  stops  were  placed  at  the  entrance 
aperture,  producing  narrow  beamlets  on  the  scintillator. 
Figure  12  shows  the  reconstruction  of  the  ion  trajectories 
from  the  data  of  Fig.  1 1  at  four  different  times  in  the  beam 
pulse.  Initially,  the  ion  beam  is  almost  parallel  to  the  diode 
axis,  possibly  with  a  slight  divergence.  As  time  progresses, 
the  trajectories  are  again  bent  inward  more  and  more  by  the 
rising  magnetic  field. 

V.  THEORETICAL  DISCUSSION 
A.  Generation  of  the  electron  precursor  beam 

The  rising  azimuthal  magnetic  field  inside  the  diode 
produces  electric  fields  of  inductive  origin.  This  change  of 
magnetic  flux  allows  for  nonconservation  of  kinetic  energy 
of  electrons  emitted  from  one  part  of  the  cathode  tsay,  C,  in 
Fig.  131  and  crossing  to  another  pan  of  it  (say,  C;).  In  Fig.  13 
we  show  the  diode  geometry  and  two  possible  orbits  of  elec¬ 
trons  emitted  from  C,  at,  say,  different  times  and  different 
diode  voltages.  The  electron  orbit  C,C;  encloses  the  magnet¬ 
ic  flux  6C  in  the  cross  section  C,  C0C,C,.  .since  an  inductance 
can  be  assigned  to  that  loop  the  voltage  Vc,c,  between  C,  and 
C;  is  simply  dOJdt  =  Lcdls/di,  where  Lc  is  the  induc¬ 
tance  of  that  loop  and  7V  the  current  as  measured  by  the 
7vrr  loop  near  C0.  In  the  present  series  of  experiments  this 
inductance  was  about  3  nH.  Typically  dly/dt  ~1.5x  1013 
A/s,  and  thus  KC  C;  ~50  kV.  The  stream  of  electrons 
through  the  cathode  at  point  C:  will  thus  have  a  typical  ener¬ 
gy  of  50  keV.  The  very  thin  (2  um)  cathode  foil  of  polycar¬ 
bonate  reduces  the  energy  only  bv  a  few  kiloelectron  voits. 


FIG.  12.  Reconstruction  of  the  ion  beam  trajectories  using  data  shown  in  FIG.  13.  Diode  geometry,  showing  individual  electron  trajectories  sche- 
Fig.  1 1.  mane:  and  the  Rogowski  coil  for  measuring  . 
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The  energy  of  the  electrons  entering  the  drift  tube  de¬ 
pends  on  their  exact  trajectories,  which  in  turn,  change  with 
changing  diode  voltage  and  expanding  plasma.  Thus,  the 
above  figure  for  the  electron  energy  only  represents  a  rough 
estimate  which  should,  however,  be  accurate  to  within  a  fac¬ 
tor  of  two.  This  energy  estimate  is  in  agreement  with  the 
experimental  results  quoted  previously. 

The  acceleration  of  these  electrons  is  the  result  of  the 
rising  self-magnetic  field  of  the  ions  and  will  thus  be  limited 
to  about  15-20  ns  during  which  the  ion  current  rises  steeply 
(see  Fig.  9).  This,  too,  is  in  agreement  with  the  observed  dura¬ 
tion  of  the  electron  pulse. 

The  propagation  of  these  electrons  through  the  gas  in 
the  drift  tube  has  already  been  discussed  in  a  preceding  para¬ 
graph.  This  propagation  is  made  possible  by  the  self-magnet¬ 
ic  field  of  the  electron  beam.  The  rise  of  the  ion  current  in  the 
drift  tube  may  eventually  reverse  the  sign  of  the  magnetic 
field  in  the  plasma,  thus  preventing  further  propagation  of 
the  electrons.  At  this  stage  it  is  difficult  to  decide  whether 
this  effect  also  contributes  to  the  sudden  termination  of  the 
electron  signals  in  the  streak  photographs. 

B.  Bending  of  the  ion  trajectories 

The  angles  at  which  the  ions  emerge  from  an  ion  diode 
are  determined  by  the  direction  and  magnitude  of  the  elec¬ 
tric  and  magnetic  fields  in  the  diode.  The  ions  are  launched 
from  the  anode  plasma  perpendicular  to  its  surface  and  are 
bent  towards  the  diode  axis  by  the  azimuthal  self-magnetic 
field.  Consider  a  planar  ion  diode.  Early  in  the  pulse  the 
anode  plasma  surface  is  still  very  close  to  the  planar  anode 
foil  and  the  ions  will  be  launched  in  the  axial  direction.  Since 
the  ion  current  and  its  self-magnetic  field  are  still  low,  the 
ions  will  emerge  from  the  diode  nearly  parallel  to  its  axis. 

In  the  pinch  reflex  diode  the  anode  plasma  expands  fas¬ 
ter  near  the  diode  axis  than  off  axis.4  Later  in  the  puise  this 
may  result  in  a  sloping  plasma  surface.  Thus,  ions  emitted 
from  that  surface  some  distance  from  the  axis  may  be 
launched  with  an  outward  velocity  component.  In  experi¬ 
ments  performed  with  a  similar  diode  on  the  PITHON  gen¬ 
erator13  this  plasma  motion  was  measured.  Very  little  plas¬ 
ma  expansion  was  observed  during  the  initial  50  ns  of  the 
pulse.  Thus,  it  seems  that  in  our  experiments  this  effect  can 
be  neglected. 

As  the  azimuthal  magnetic  field  in  the  diode  increases 
the  ion  trajectories  are  bent  more  and  more  towards  the  axis. 
This  bending  can  easily  be  estimated.  The  electron  current 
crosses  the  diode  gap  near  the  outer  radius  [R  =  5  cm)  and 
then  flows  toward  the  center  near  the  anode  foil  (see  Fig.  4). 
Thus,  the  azimuthal  magnetic  field  acting  on  the  ions  is  al¬ 
most  exclusively  due  to  the  flow  of  ions  crossing  the  diode 
gap  zA .  For  an  ion  current  density  i  —  1  fr  <as  corroborated  by 
numerical  simulation  l4)t  the  magnetic  field  is  independent  of 
the  radius  r  and  equals  H  =  I,/{2rrR  ),  where  R  is  the  anode 
plasma  radius,  and  I,  the  total  ion  current.  For  small  deflec¬ 
tions  the  radial  momentum  P ,  of  singly  charged  ions  after 
traversing  the  anode-cathode  distance  zA  is  given  by 
P,  =  -  sBz4  ,  where  B  =  y.0H  is  the  magnetic  induction  in 
the  diode  and  <?  the  proton  charge.  The  angle  9  that  the  ion 
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TABLE  I.  Measured  and  calculated  deflection  angles  of  ions  emerging  from 
a  planar  pinch  reflex  diode. 


sin 

sin  0“ 

rlns) 

/.IkAI 

ncml* 

measured 

calculated 

0.2 

-0.03 

-0 

15 

1.6 

-0.03 

0.01 

2.4 

-0.02 

0.5 

0.0 

12 

110 

3.3 

0.09 

0.09 

4.7 

0.12 

1.1 

0.04 

13 

200 

3.1 

0.18 

0.16 

4.9 

0.19 

3.1 

0.18 

31 

300 

0.23 

4.9 

0.35 

‘  Reconstructed  emission  radius. 

“A  negative  sign  indicates  a  divergent  angle. 
'Using  Eq.  iS). 


trajectories  make  with  the  diode  axis  at  the  entrance  to  the 
drift  tube  is  given  by 

sm9  =  P,/P^e£z/t/(2  MeV)l/J,  (8) 

where  P  is  the  total  ion  momentum,  M  the  ion  mass,  and  V 
the  accelerating  potential.  For  200  kA  of  1-MeV  protons  and 
for  zA  =  2.8  cm,  Eq.  |8)  gives  for  the  deflection  angle 
sin  9  —  0. 1 6.  Since  the  ion  current  in  the  drift  tube  is  to  a 
large  degree  (>98%  I  neutralized  the  additional  trajectory 
bending  in  the  drift  tube  contributes  less  than  10%  to  the 
total  measured  deflection. 

Reconstructed  ion  trajectories  from  a  planar  pinch  re¬ 
flex  diode  are  shown  in  Fig.  12.  The  trajectories  were  recon¬ 
structed  from  the  streak  photograph  in  Fig.  1 1  (see  Sec.  V) 
neglecting  trajectory  bending  in  the  drift  tube.  Table  I  shows 
the  angles  that  the  reconstructed  trajector.es  make  with  the 
diode  axis  for  four  different  times  during  the  pulse.  The  esti¬ 
mated  error  in  sin  9  is  ^  0.02.  For  r=c0  all  three  trajectories 
are  almost  parallel  to  the  diode  axis,  as  expected.  For  r  =  12 
ns  and  t  —  1 8  ns  the  two  outer  trajectories  are  almost  parallel 
to  each  other,  in  agreement  with  a  diode  magnetic  field  inde¬ 
pendent  of  the  radius.  The  measured  values  of  sin  9  are  about 
20%  higher  than  the  calculated  ones.  Part  of  this  discrepan¬ 
cy  may  be  attributed  to  the  small  trajectory  bending  by  the 
residual  magnetic  field  in  the  drift  tube.  Tne  trajectories 
originating  at  small  radii  show  much  smaller  deflection  an- 
g'es.  This  disagreement  is  not  surprising  since  the  assump¬ 
tion  of  i—  \/r  must  break  down  for  small  values  of  r.  For 
t  =  31  ns  the  agreement  with  theory  is  less  satisfactory.  Pos¬ 
sibly,  anode  plasma  expansion  and  trajectory  bending  in  the 
drift  tube  start  playing  an  increasingly  important  role. 

VI.  DISCUSSION  AND  CONCLUSIONS 

Intense  proton  beams  from  a  pinch  reflex  diode  have 
been  measured  using  our  new  Rutherford  scattering  diag- 
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nostic  method.  The  new  method  enabled  us  to  measure,  as  a 
function  of  time,  ion  trajectories  of  beams  emitted  by  planar 
and  spherical  pinch  reflex  diodes.  It  was  shown  that  focus¬ 
sing  properties  of  these  diodes  are  dominated  by  the  seif- 
magnetic  field  of  the  ions  crossing  the  anode-cathode  gap. 
For  not  too  small  emission  radii  the  agreement  between  pre¬ 
dicted  and  measured  angles  of  ion  trajectories  in  planar  di¬ 
odes  is  satisfactory,  except  very  late  in  the  pulse.  This  result 
is  consistent  with  a  1/r  dependence  of  the  ion  current  den¬ 
sity.16  In  spherical  (focussing)  diodes  the  magnetic  field  is 
largely  responsible  for  the  deviation  of  the  focus  from  its 
geometric  location. 

In  the  course  of  the  experiments,  a  low  energy  precursor 
electron  beam  was  discovered.  A  simple  model  for  the  pro¬ 
duction  mechanism  of  such  an  electron  beam  was  developed. 
In  this  model  acceleration  of  electrons  by  inductively  pro¬ 
duced  electric  fields  is  proposed.  The  predictions  of  the  mod¬ 
el  are  in  qualitative  agreement  with  the  observed  behavior  of 
the  electrons. 

The  Rutherford  scattering  diagnostic  method  present¬ 
ed  here  makes  possible  the  simultaneous  measurement  of 
current  density  profiles  and  directions  of  motion  of  beam 
particles  as  a  function  of  time  for  mega-electronvolt  ion 
beams  in  the  range  1  kA/cirr-l  MA/cm2.  Spatial  resolution 
of  the  order  of  a  millimeter  and  time  resolution  of  the  order 
of  a  few  nanoseconds  can  relatively  easily  be  achieved.  At 
very  high  power  densities  the  hydrodynamic  expansion  of 
slit  jaws  and  scatterer  material  may  constitute  a  problem. 

The  method  seems  to  be  very  powerful  and  versatile  and 
variants  of  the  basic  technique  can  be  adapted  to  require¬ 
ments  of  different  experiments.  For  example,  time  resolved 
frame  photographs  of  a  full  cross  section  of  an  ion  beam  can 
be  obtained  by  intercepting  the  full  cross  section  of  the  beam 
by  a  scatterer  and  viewing  the  scatterer  through  a  two-di¬ 
mensional  array  of  collimators  capped  by  a  scintillator. 

Rapid  progress  towards  inertial  confinement  fusion 
employing  intense  light  ion  beams  will  heavily  depend  upon 
sophisticated  diagnostic  techniques.  It  is  hoped  that  the 
Rutherford  scattering  diagnostic  method  will  contribute  to 
the  advancement  of  this  field  of  research. 
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ABSTRACT 

High-brightness  proton  beams  (.4  MA,  1  MV)  have  recently  been 
extracted  from  20  cm-  axial  pinch-reflex  diodes  (PROs)  mounted  on  the  NRL 
Gamble  II  generator.  A  source  power  brightness  of  >  1 0  TW/crirraa2  was 
achieved  in  these  experiments.  A  new  barrel -shaped  equitorial  PRO  that  can 
be  coupled  to  PSFA-II  has  also  been  operated  on  Gamble  II  and  has  demon¬ 
strated  30*  proton  efficiency  with  predominately  azimuthal ly-symmetric 
charged-parti  cl e  flow.  In  other  experiments  the  stooping  power  of  deu- 
terons  in  hot  plasmas  was  measured  using  a  PRO  on  Gamole  II.  Results  show 
about  <105  enhancement  in  stopping  pgwer  over  that  in  cold  targets  when  the 
beam  was  focused  to  about  .25  MA/cm  .  Research  is  also  being  performed  on 
transporting  ion  beams  in  large-diameter  channels  (>  2.5  cm)  and  on  a  post- 
transport,  plasma-filled,  magnetic-focusing  section  to  bring  the  beam  to 
pellet  dimensions. 


I.  INTRODUCTION 

Recent  NRL  experiments  and  theory  nave  investigated  key  aspects  of 
two  ignition-system  confi  gurations  for  1  i  ght-i  on-dri  vers  on  ?3FA-II.*,,:- 
The  first  configuration  ties  all  36  modules  to  a  single  barrel -shaoed 
radial  ion  diode  with  1  m  dimensions  surrounding  the  pellet  located  on  the 
diode  axis  of  symmetry.  The  barrel  diameter  must  be  small  enough  to  permit 
focusing  to  pellet  dimensions  but  large  enough  to  permit  time-of-f!  i ght 
bunching  of  the  beam  from  the  power-pulse  duration  to  tne  pellet-driving 
time.  7ne  second  configuration  uses  groups  of  modules  to  drive  small -area 
disc-like  axial  ion  diodes  each  of  which  focuses  a  beam  into  a  z-discharge 
transport  channel^  about  2  m  long  and  a  few  cm  in  diameter.  Each  channel 
is  terminated  in  a  short,  higher-current  discharge  which  magnetically  foc- 

5  A 

uses  the  beam  onto  the  pellet.  ’  3eam  transport  allows  the  diode  focusing 
length  to  be  much  less  than  the  bunching  length  and  the  post-transport 
magnetic-focusing  allows  1  arger-di ameter  beams  to  be  transported  and  then 
focused.  Such  a  system  is  schematical ly  illustrated  in  Fig.  1 
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■-ig-  1.  Schematic  of 
modular  Light-Ion  ICF 
system. 


Ongoing  research  is  evaluating  pinch-reflex  diodes  (PRDs)  for  both 
ignition  system  configurations.  Barrel -shaped  equitorial  PRD  experiments 
on  the  NRL  Gamble  II  device  operating  at  1.2  MV  and  .8  MA  have  demonstrated 
50%  proton  efficiency  with  predominately  azimuthal ly-symmetric  charged- 
particle  flow,  average  beam-divergence  half-angles  in  the  1-2°  range 
between  filaments,  and  good  agreement  with  theoretical  scaling  laws.5  This 
low  divergence  leads  to  a  high  brightness  beam  as  defined  in  Sec.  II.  A 
high-power  diode  of  similar  design  is  now  being  tested  on  PBFA-II.6  High¬ 
brightness  proton  beams  (.4  MA,  1  MV)  have  recently  been  extracted  from 

20  cm  axial  PRDs  mounted  on  Gamble  II.  A  source  power  brightness  of 

2  2 

10  rw’/cnrrad^  was  achieved  by  minimizing  the  vacuum  gap  between  the  anode 
and  cathode-transmi ssi on  foils,  thereby  reducing  the  disruptive  effects  of 
filamentation  in  the  vacuum  gap.^  Similar  diodes  have  produced  nearly  2 
TW,  100  kj  proton  and  deuteron  beams  with  70*  ion  production  efficiency  on 
the  Physics  International  PITH0N  generator.® 

Other  experiments  on  Gamble  II  have  employed  20  cm2  axial  PROS  to 
measure  the  energy  loss  of  deuteron  beams  in  subrange  Mylar  and  aluminum 
targets  located  at  the  beam  focus.  These  targets  are  sandwiched  between 
thin  CD2  layers  so  that  ion-energy  loss  could  be  determined  from  time-of- 
flight  analyses  of  the  two  neutron  pulses.  Results  show  about  40%  enhance¬ 
ment  in  stopping  power9  over  that  in  cold  targets  when  the  beam  is  focused 
to  about  .25  MA/cm2.  Results  of  these  and  other  1  ower-current-density 
measurements  are  in  excellent  agreement  with  calculated  stopping  due  to 
fre$  and  bound  electrons  at  ionization  levels  expected  from  ion-target 
heating.^-®  Factor-of-two  enhancements  over  cold  stopping  for  light-  and 
heavy-ion  beams  are  predicted  at  target  temperatures  expected  for  N~et  ■- 
even  pellets. 


New  stability  constraints  have  recently  been  combined  with  channel - 
MHO  and  energy -loss  constraints  to  define  an  operational  window  for  trans¬ 
port  of  various  light-ion  species.  Calculations  of  two -stream-  and  fila- 
mentati on-i nstaoi  1  i  ty  growth  rates  shew  that  mul  ti -terawact  oeams  can  be 
transported  a  few  meters  in  channels  a  few  centimeters  in  diameter.-’1* 
Less  than  10  channels  would  be  sufficient  to  transport  P3FA-II  level  beams 
and  ignite  a  pellet  provided  that  final  magnetic  focusing  can  be  utilized 
to  focus  each  transported  beam.  A  proof-of-pri nci pi e  experiment  for  final 

focusing  has  been  carried  out  on  Gamble  II  using  a  100  :<A  discharge  channel 

1  ? 

4  cm  in  diameter  and  3  cm  long  mounted  in  front  of  the  diode.*-  Experi¬ 
ments  in  which  a  transoorted  beam  will  be  focused  are  planned. 

Section  II  will  review  recant  high  brightness  diode  experiments  on 
Gamble  II.  The  new  barrel -shaped  equitorial  PRO  concept  and  preliminary 
Gamble  II  results  will  be  reviewed  in  Section  III.  Section  IV  will  discuss 
the  energy  loss  experiments  of  deuteron  beams  in  subrange  Mylar  and  alu¬ 
minum  targets.  Finally  transport  considerations  in  large  diameter  channels 
and  final  focusing  concepts  and  experiments  will  be  discussed  in  Section  V. 


II.  ION  BEAM  BRIGHTNESS  STUOIES 

Beam  power  brightness  at  the  diode  imposes  the  ultimate  limit  on 
the  ability  to  focus  ion  beams  onto  targets.  Tine  PRO  which  has  been  previ¬ 
ously  described1*^’ *^  and  which  is  illustrated  in  Fig.  2  has  been  studied 
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F;g.  2.  Pincn-reflex-ciode. 


with  resoect  to  its  performance  as  a  source  of  high  current  density,  low 
divergence  ion  beams.  3oth  experimental  and  theoretical  efforts  are 
underway.  El actron-fi lamentation  instabilities  which  may  occur  in  the 
electrode  plasmas  and  vacuum  gap  are  currently  under  investigation.  Small- 
scale  perturbations  in  diode  electromagneti c  fields  associated  with  such 
instabilities  can  degrade  brightness.  In  addition  to  their  effects  on  beam 
brightness,  varying  electromagnetic  fields  and  el ectrode-pl asma  motion  also 
introduce  time-dependent  aberrations  in  the  focusing  properties  of  the 
diode.  Changes  in  diode  geometry  and  electrode  materials  are  being 
investigated  experimental ly  in  order  to  determine  their  effects  on  the 
i nstabi 1 ities. 

Provided  that  ion  efficiency  is  not  reduced  and  beam-divergence  is 

not  degraded,  diode-beam  brightness  can  be  increased  by  reducing  the  diode 

radius.  In  recent  1  TW  diode  experiments  on  Gamble  II,  .5  TW  proton  beams 

*)  _ 

were  extracted  from  20  cm--araa  anode  foils.  Tne  ion  beam  brightness  was 

measured  crudely  by  a  shadowbox  technique'7  that  uses  .multiple  pinhole 

images  of  the  'ion  beam.  7ne  recording  plates  used  were  either  brass  or 

calloohana.  The  brass  is  heated  up  by  the  impinging  ion  beam  causing  zinc 

to  collect  on  the  surface.  Small  features  of  ion  beamlets  can  be  clearly 

•>  2 

recorded  provided  their  current  density  is  high  (J.  -  10'A/cm  }.  The  cel¬ 
lophane  is  more  sensitive  and  records  current  densities  down  to  10  A/cm  . 
Using  these  plates  with  the  multiple  hole  shadowbox  mounted  far  enougn  ^rom 
the  diode  one  can  reconstruct  the  ion  source  pattern  and  its  divergence. 
The  ion  source  exhibited  10  to  20  beamlets  for  this  small  radius  diode. 
Eac.n  beamlet  had  a  size  of  about  i  cm  in  diameter.  Tne  beam  divergence 
c.nanged  drastically  when  the  gap,  a,  between  the  anode  and  the  cathode 
inner  foil  was  changed.  Tne  half  angle  of  the  diverging  beam  cone,  58,  was 
measured  to  be  ~  .1  rad  at  a  gap  of  1.5  cm  and  -  .05  rad  at  a  gaD  of  .5 
cm.  Tne  divergence  was  observed  as  a  conic  structure  with  no  preference  to 
radial  or  azimuthal  direction. 

A  simple  calculation  to  explain  beam  divergence  versus  gap  width 
was  performed  assuming  that  the  total  ion  beam  current  (A50  <A)  was  distri¬ 
buted  equally  among  15  sources  each  having  a  diameter  of  1  cm.  Self- 
pinching  of  these  ion  beamlets  by  sel  f -magnetic  fields  would  result 
in  <59=.G3a / rT~  for  protons  at  a  voltage  V  measured  in  MV.  Tne  experimental 
results  at  V  =  1.2  MV  show  that  58  agrees  well  with  t.oe  predictec  value  at 
the  larger  gao  of  a=1.5  cm.  At  the  smaller  gap  the  plasma  motion  frcm  the 
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cathode  (2x1 0^  cm/s)  and  anode  (5x1 3°  cm/s)  reduce  d  from  its  initial  value 
of  .5  cm  to  a  lower  value  of  about  .2  cm  at  pea'<  power.  Tie  calculated 
divergence  is  then  .015  rad  compared  with  the  ooserved  divergence  of  .05 
rad.  The  larger  experimental  divergence  cannot  be  explained  by  magnetic 
fielos  and  must  therefore  be  due  to  electric  fields. 


Two  mechanisms  have  been  identified  for  distortion  of  equipoten- 
tials.  The  first  is  associated  with  plasma  hydrocynami cs  when  the  anode 
plasma  is  formed  at  discrete  spots  and  expands  in  a  two  dimensional  manner 
generating  bulges  on  the  anode.  Since  the  conductive  anode  plasma  prevents 
electric  field  penetration  it  distorts  the  equipote.nti al  structure  close  to 
its  surface.  Such  spotty  structure  is  clearly  seen  in  the  shadowbox  pin¬ 
hole  images  and  was  also  observed  using  interferometry  on  the  PITHQN  exper- 
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iment.  The  second  mechanism  is  electron  beam  fi lamentation  in  vacuum. 
The  resultant  space  charge  structure  introduces  azimuthal  and  radial  com¬ 
ponents  to  the  electric  field  in  addition  to  the  axial  field. 

The  two  mechanisms  mentioned  would  have  caused  large  divergences 
( 5 a— .2  rad)  if  the  electric  field  'would  have  been  compressed  against  the 
anode  plasma  where  the  ions  are  launched.  7ne  PRD,  however,  operates  by 
screening  the  ion  beam  space  charge  with  the  relativistic  electrons  that 
pinch  and  reflex  through  the  anode  plasma.  This  action  allows  the  equi po¬ 
tentials  to  be  spread  across  the  entire  diode  gap  unlike  the  magnetically 
insulated  diode  that  only  ooerates  at  high  ion  current  density  when  the 
equi potenti al s  are  pushed  against  the  anode  plasma.  Tne  observed 
lower  53  of  .05  rad  is  a  clear  experimental  cemonstrati on  that  even  at  this 
average  ion  source  current  density  of  20  <A/cm-  tne  3RD  is  operating  as  a 
space  charge  enhanced  source  rather  than  an  electric  field  enhanced  source. 

The  beam  brig.ntness  (J7/o3“)  ooserved  for  7  =  1.2  MV,  J  =  20  kA/crrr 
and  5c~  .05  rad  is  -  10  7X  /cm~rad  .  Scaling  this  figure  up  with  voltage 
to  the  3  MV  level  and  assuming  a  factor-of-4  bunching  during  transport 
without  brightness  loss,  leads  to  a  modular-beam  brightness  of  aoout  250 
TW/cnrrad  .  If  40*  of  tne  solid  angle  surrounding  a  pellet  is  subtended  by 
final -focus  exit  apertures,  on  target  power  densities  approaching  100 
TX/cm^  might  tnen  be  achievable  with  existing  PRDs. 

III.  £QU I  TOR  I AL-? INCH-REFLEX  DICCE 

A  new  version  of  tne  NRL  3RD  nas  been  designee  to  operate  on  tne 


radial  triplate  geometry  of  P3FA-I.  A  conceptual  schematic  is  shown  in 
Fig.  3.  This  diode  produces  two  cyl i ndri cal ly-symmetri c  sheet  beams  of 
electrons  which  flow  from  top  and  bottom  by  self-magnetic  pinching  and 
reflexing  action  on  the  anode  foil  to  a  common  line  pinch  around  the  equa¬ 
tor  of  the  diode,  hence  the  name  equi tori al -pinch-refl ex  diode  (EPRD). 
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Although  this  diode  appears  to  be  a  simple  topological  variation  of 
the  conventional  PRO,  there  are  a  number  of  basic  conceptual  differences. 
Tnere  is  no  electron-space-charge-density  enhancement  as  occurs  with  the 
conventional  axial  3P,0  because  there  is  no  radially  converging  electron 
flew  towaras  tne  diode  axis.  Tn i s  lack  of  electron  convergence  leads  to  a 

constant  ion  current  density  rather  than  one  that  increases  inversely  with 

tne  distance  from  the  diode  axis  as  in  the  axial  PRO.  Tnese  ions  produce 

an  azimuthal  focusing  magnetic  field  in  the  gap  between  the  anode  and  cath¬ 

ode  foils  which  increases  proporti onal  ly  to  the  distance  from  the 
equator.  This  in  turn  leads  to  a  natural  sel  f-focusi  ng  of  the  ion  beam 
even  from  a  flat  anode  foil.  Any  additional  spnerical  curvature  of  the 
anode  foil  simply  adds  to  this  natural  self-focusing  in  a  manner  similar  to 
simple  geometric  optics.  Tnis  self-focusing  is  in  contrast  to  the  conven¬ 
tional  PRO  where  the  sel f -magnetic  field  from  the  ion  current  leads  to  a 
constant  bending  angle  which  must  be  compensated  for  by  an  aspheric 
focusing  anode  foil. 


The  other  major  difference  and  advantage  of  the  ERR D  over  the  con¬ 
ventional  PRO  is  that  the  ratio  of  ion  current  to  electron  current, 
is  decoupled  from  the  diode  impedance  Z.  In  contrast,  in  a  conventional 
PRO  I^/Ia  scales  like  R/Q  and  Z  scales  like  0/R,  wnic.n  lead  to  hi gn  ion 
efficiency  only  for  low  impedance  diodes  (i.e. ,  R/D>>1).  For  a  given 
anode-cathode  gap  spacing,  0,  and  diode  radius,  R,  the  imcedance  of  the 
£?R0  is  proportional  to  0/R  as  with  the  conventional  PRO,  however,  I^/Ia  is 
proportional  to  H/0  (i .a. ,  the  electron  path  length/the  ion  oath  length) 
and  is  independent  of  diode  radius  or  diode  impedance.  Thus,  for  any  cur¬ 
rent  equal  to  or  aoove  the  critical  current,  the  ion  production  efficiency 
can  be  made  arbitrarily  large  by  increasing  the  separation  between  the  two 
disc  cathodes.  These  properties  were  verified  using  a  particl e-i n-cel  1 
code. 

The  EPRD  has  been  tested  on  NRL's  Gamble  II  generator  by  driving 
only  the  upper  half  of  the  diode  shown  in  Fig.  3  in  a  coaxial -feed  geo¬ 

metry.  The  Gamble  diode  is  designed  for  negative-pol arity  operation  of 
Gamble  II  to  allow  optical  alignment.  This  arrangement  requires  diagnostic 
connections  through  transit-time-i nsul ator  cables  installed  in  the  coaxial 
water  line.  Tne  anode  radius  is  7  cm  and  several  anode  foil  materials 
including  Mylar,  polyvinyl  acetate  and  polyethylene  are  being  studied  as 
ion  sources.  Anode  lengths  of  5,  10  and  15  cm  have  been  used  to  provide 
configurations  where  the  electron  path  length  in  the  diode  is  respectively 
less  than,  comparaole  to,  and  greater  than  the  dioae  radius.  Typical 
anode-cathode  gaps  are  3.3  to  5  mm.  Diagnostics  include  x-ray  pinhole 

cameras,  probes  for  measurement  of  net  ion  current,  total  diode  current  and 
diode  voltage,  arrays  of  ion  collector  prooes,  ion  beam  pinhole  imaging  to 
determine  beam  uniformity,  direction  and  divergence,  and  various  witness 
plate  configurations.  A  differentially-pumped  cylindrical  neutralizing  gas 
call  can  be  deployed  inside  the  cathode-foil  cylinder  for  studying  radial 

convergence  of  the  ion  beam  under  near  field-free  conditions. 

Initial  experiments  have  shewn  tne  diode  to  be  an  efficient  ion 

source  and  a  good  electrical  match  to  the  accelerator.  Net  ion  currents  cn 
the  order  of  AQO  <A  have  been  measured  with  diode  impedances  of  1.5-2  n. 
Azimutnal ly-symmetric  electron  and  ion  current  flew  has  been  coserved.  Tne 
diode  impedance  has  been  shown  to  be  a  linear  function  of  anode-cathode  gap 
but  practically  independent  of  diode  axial  heignt  as  predicted  by  theory. 
Definite  limits  to  the  anode  surface  area  which  can  be  uniformly  turned  cn 


at  a  given  diode  power  level  Have  been  observer.  Fi  1 amentati on  of  node 
number  -  100  has  been  observed  at  the  cathode  with  concomitant  fi lamen¬ 
tation  with  node  number  ~  10  in  the  electron  flow  down  the  anode.  Enhanced 
ion  production  has  been  ooserved  from  anode  areas  containing  these  fila¬ 
ments.  Imaging  of  ion  beamlets  shows  time-averaged  half-angle  divergence 
of  1-2°  from  areas  not  containing  filaments  while  ions  from  filamented 
areas  have  10-15°  time-averaged  half-angle  divergences,  principally  in  the 
azimuthal  direction.  Experiments  to  reduce  the  beam  fi 1 amentati on  are  in 
progress.  Sandia  National  Laboratory  is  presently  testing  a  high  power 
diode  of  similar  design  on  PS  FA- 1 . 0 


IV.  ENERGY  LOSS  EXPERIMENT 

Theoretical  research*^  indicates  that  at  the  ionization  levels  of 
IGF  pellet  plasmas  the  stopping  power  of  light  ions  may  be  enhanced  by  a 

factor-of-two  over  that  in  the  cold  target.  In  this  section,  measurements 

of  the  energy  loss  of  Me'/  deuterons  in  plasmas  formed  by  focusing  intense 

Gamble  II  ion  beams  (I  Me'/,  .2  MA,  20  ns)  onto  subrange-thick  targets  are 

presented.  Tne  results  demonstrate  that  the  stopping  power  of  the  heated 
target  is  enhanced  over  that  of  the  cold  target. 

For  these  energy-loss  measurements,  a  spherically-contoured  PRO 
(Fig.  4)  is  used  to  produce  an  intense  deuteron  beam  focus  about  4  cm 


COjcocrei 


Fig.  4.  Experimental  set 
uo  for  energy-loss  measure 
me.ots . 


from  the  anode.  Tne  .01  cm  thick  plastic  anode  foil  is  coated  with  deuter- 
ated  polyethylene  (CO^)  to  provide  deuterons.  4  planar  anode  foil  version 
of  the  diode  is  used  for  lower  current  density  experiments.  With  planar 
anodes,  the  ion  beam  is  focused  onto  targets  about  10  cm  frcm  the  center  of 
the  anode. 


The  experimental  technique  for  determining  the  deuteron-energy  loss 
uses  neutron  time-of-fl i ght  (TOP)  with  a  multilayered  target.'  The  target 
consists  of  a  subrange  stopping  foil  sandwicned  between  ,3-um  and  1.0- -jn 
thick  layers  of  CD?  (Pig.  ■*}.  Measurements  of  the  d-d  neutron  TOF  from  t.ne 
two  CO2  targets  are  used  to  determine  both  t.ne  incident  deuteron  energy  and 
the  deuteron  energy  loss  in  the  stopping  foil  on  each  shot.  Neutrons  are 
detected  in  the  forward-beam  direction  and  reaction  kinematics^  are  used 
to  extract  deuteron  energies.  The  thickness  of  the  stopping  foil  is  ad¬ 
justed  so  that  neutrons  from  the  two  CO 2  targets  can  be  resolved.  In  these 
experiments,  5.4-um  Mylar  and  aluminum  stopping  foils  are  used. 

figure  5  shows  a  typical  trace  from  the  neutron  TOF  detector. 


Fig.  5.  Neutron  TOF  trace 
for  Mylar  stopping  foil, 
soherical  diode  and  7.6  m 
fl  ight  path . 


Sremsstrah 1 ung  radiation  from  the  diode  saturates  the  detector  output,  but 
neutron  responses  from  the  CD?  targets  are  TOF  delayed  and  are  resolved 
about  260  ns  after  the  bremsstrahlung  signal.  Neutrons  are  emitted  prima¬ 
rily  during  the  time  of  high  voltage  and  current  so  that  the  neutron  output 
is  maximum  at  peak  ion  power.  The  time  interval  between  the  peak  of  the 
ion  power  and  the  peak  of  the  first  neutron  pulse  therefore  determines  the 
neutron  energy  from  the  front  CD?  target  and,  by  kinematic  calculation,  the 
incident  deuteron  energy.  A  small  correction  (<  S%)  is  made  to  the  TOF 
measurement  for  the  flight  time  of  deuterons  from  the  anode  to  the 
target.  The  neutron  signal  is  shewn  in  the  insert  of  Fig.  5.  The  flat 
background  from  the  bremsstrahlung  tail  has  been  suDtracted  from  the  trace 
in  the  insert.  The  time  separation  of  the  t*o  neutron  peaks  provides  a 
direct  measure  of  the  deuteron  energy  loss  in  t.ne  stopping  foil. 


Focused  ion  current  densities  of  50  kA/c.ir  for  the  planar  diode  and 
250  !<A/cn-  for  the  spherical  diode  are  estimated  for  these  experiments 
using  previous  proton  results  **  using  the  measured  total  ion  currents. 
Uncertai nti es  of  p3C*  are  assigned  to  the  current  densities  obtained  in 
this  way.  Tne  results  of  stopping-power  measurements  using  both  planar  and 
spherical  diodes  are  presented  in  Fig.  6.  For  each  case,  the  measurements 
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Fig  5.  Comparison  of  energy  loss 
measurements  with  planar  (a  and 
o)  and  spherical  (c  and  d)  diodes 
with  energy  losses  (curves)  cal¬ 
culated  for  cold-target. 


are  compared  to  the  cold-target  energy  loss  deduced  from  measurements  of 
stopping  cross  sections  by  Andersen  and  Ziegler.*^  Tne  measureo  energy 
losses  are  significantly  larger  than  cold-target  values  in  all  cases  except 
for  the  planar  diode  with  a  Mylar  target.  In  this  case,  the  measurements 
are  consistent  with  cold-target  values. 

Tne  deuteron  energy  losses  deviate  from  that  in  a  cold-target  whan 
sufficient  ionization  occurs  in  the  stopping  medium.  The  average  ioni¬ 
zation  for  aluminum  and  polyethylene  with  internal  energy  density  parame¬ 
terized  from  "SESAME"1^  are  shewn  in  Fig.  7.  It  is  assumed  that  the 
free-el ectron  production  for  Mylar  is  similar  to  that  for  CH^.  The  inter¬ 
nal  energies  correspondi ng  to  the  experimental  conditions  for  planar  and 
spherical  diodes  are  also  indicated.  It  was  calculated  that  ~  75*  of  the 
deposited  energy  is  converted  into  internal  energy  during  the  beam  pulse. 
The  rest  is  in  kinetic  expansion  and  radiation  losses.  This  fraction  is 
based  on  LASNEX  hydrocode  calculations  which  model  this  experiment.1-''-1 


r^'S-  7.  Average  ’ionization  state 
(z)  versus  internal  energy 
density  (e)  for  aluminum  and 
plastic  (CH2). 


These  calculations  indicate  that  the  target  has  expanded  to  about  2 -mm 
thickness  at  the  peax  of  the  power  pulse,  and  that  the  electron  temperature 
is  4  to  5  av  at  50  kA/cm^  and  13  to  17  eV  at  250  kA/cm^  for  an  aluminum 
stopping  foil.  Similar  results  for  Mylar  are  -3  eV  at  50  kA/cm“  and  9  to 
11  eV  at  250  kA/cm-.  The  calculated  energy  losses  at  peak  power  are  shown 
as  solid  triangles  in  Fig.  5,  and  are  in  reasonable  agreement  with  the 
measurements.  For  the  experimental  conditions  where  a  significant  number 
of  free  electrons  are  produced  in  the  stopping  foil,  the  measured  deuteron 
stopping  is  enhanced  (Fig.  5b,  c  and  d).  If  the  energy  deposition  produces 
less  ionization,  the  measured  energy  loss  is  consistent  with  cold-target 
stopping  (Fig.  5a). 


V.  TRANSPORT  AND  FINAL  FOCUSING 

Intense  lignt-ion  beam  transport  in  z-discharge  channels  provides 
accelerator  standoff  from  ICF  targets  and  allows  tine-of-fl i ght  bunching 
of  the  beam  to  higher  intensity.  Stability  constraints  combined  with  chan¬ 
nel  expansion  and  beam-energy  loss  constraints  define  an  operational  window 
for  ion  transport.  Tine  staoility  constraints  are  derived  from  the  require¬ 
ments  to  avoid  significant  growth  of  the  electron-beam  ion  two-stream 
instability,  the  beam-f i 1 amentation  instability  and  the  channel -fi 1 ament- 
ation  instability.^  The  channel -expansi on  constraint  results  from 
demanding  that  the  Jx3-driven  radial  expansion  of  the  channel  occurs  cn  a 
time  scale  longer  than  the  beam-pulse  duration.-^  Finally,  the  beam 
energy-loss  constraint  requires  that  no  more  than  25*  of  the  beam  energy  is 
lost  during  transport. 

The  constraints  have  been  derived  for  arbitrary  beam-ion  species  in 


order  to  evaluate  the  advantages  of  higher-atomic-weight  ions.  The  beam 
energy,  beam  radius  and  channel  density  are  also  free  parameters  which  have 
been  varied  in  order  to  determine  their  effects  on  the  operational 
window.  In  all  cases,  the  channel  gas  was  ta‘<en  as  deuterium.  Tnis  allows 
the  use  of  a  simple  model  for  channel  heating  and  has  the  advantage  of 
reduced  radial  acceleration  due  to  the  passing  beam  at  the  same  stopping- 
power  as  hydrogen. 

Results  for  beams  of  H+,  D+,  He-^  and  C+®  show  that  a  larger  oper¬ 
ational  window  exists  for  tne  hi gher-atomi c-wei ght  species.  Tnis  is  a 
consequence  of  their  lower  currents  at  equivalent  transported  power 
levels.  Raising  the  channel  density  somewhat  above  the  optimum  for  minimum 
beam-energy  loss  during  transport  relaxes  the  two-stream  and  channel -fi 1 a- 
mentation  stability  constraints  and  the  channel -expansi on  constraint  while 
only  slightly  modifying  the  energy-loss  constraint.  Increasing  the  beam 
radius  relaxes  the  two-stream  stability  constraint  and  considerably  reduces 
the  channel -expansion  and  beam  energy-loss  constraints. 

It  is  determined  that  mul ti -terawatt  beams  can  be  transported  a  few 
meters  in  large-radius  channels  with  beam  divergence  half  angles  of  .1  to 
.2  radians.  Such  angles  are  presently  attainable  with  PRDs.  If  time-of- 
f light  bunching  during  transport  and  final  focusing  after  transport  are 
employed,  less  than  10  (and  as  few  as  4)  channels  are  required  to  deliver 
the  power  needed  to  ignite  a  pellet.  Such  a  system  is  conceptually  illu¬ 
strated  in  Fig.  1. 

Theoretical  results  shew  factor-of-ten  increases  in  final -focused 
ion-current  density  for  beams  transported  in  hollow  channels.  Channels 
which  carry  discharge  current  in  the  channel  interior  result  in  beam- 
brightness  loss  during  transport  and  hence  cannot  be  compressed  as  well  by 
the  final  focusing  cell.  Focusing  cells  which  are  1/3  of  an  ion-betatron- 
wavelengtn  long  focus  the  beam  an  additional  1  /3-wave! ength  beyond  the  exit 
of  the  focusing  cell.  This  1-2  cm  drift  length  is  the  stand-off  distance 
separating  the  cell  exit  from  the  pellet.  High  plasma  densities  can  be 
employed  in  the  short  focusing  cell  without  excessive  beam-energy  loss  in 
order  that  the  plasma -MHO  response  can  be  minimized.  Tnese  high  densities 
combined  with  a  thin  transmission  foil  at  the  exit  of  the  cell  discourage 
pellet  preheat  from  focusing-cell  plasma  plumes. 

A  final-focus  system  was  designed  and  fielded  cn  the  Gamble  II 


1  ? 

accel erator. Figure  3  shows  a  schematic  representation  of  the  channel. 


focusing  3«irr 
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A  discharge  of  -  100  kA  was  initiated  by  an  external  capacitor  bank  along 
the  Lexan  insulator  (shaded  region  in  Fig.  3)  which  was  filled  with  5-10 

Torn  of  air.  Channel  currents  were  chosen  to  match  a  1/4  betatron  wave¬ 
length  for  the  ions  with  the  3  an  channel  length.  No  attempt  in  these 

early  proof-of-orinciple  experiments  was  made  to  synchronize  the  ion  beam 
injection  with  the  time  dependent  channel  currant  density  distribution.  A 
convex  pinch-reflex  type  3node  was  used  to  partially  offset  the  self 

pinching  of  the  ion  beam  in  the  diode  and  provide  a  nearly  parallel  trajec¬ 
tory  injected  ion  beam.  When  aluminum  witness  plates  were  used,  rear 
surface  spall  only  appeared  over  the  aperture  region  when  the  focusing 
current  was  turned  on.  Further  experiments  with  shaaowooxes  placed  down¬ 
stream  of  the  aperture  confirmed  that  no  large  scale  mixing  of  the  ion 
orbits  in  the  1/4  betatron  wavelength  focusing  cell  occurred  during 

focusing.  Further  experiments  where  the  channel  current  distribution  is 
optimized  for  a  given  beam  injection  condition  are  planned.  Eventually, 
exoeriments  will  be  performed  with  this  final -focus  system  placed  at  the 
exit  of  the  transport  system. 
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Pinched-beam  ion-diode  scaling  on  the  Aurora  pulser 
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A  pinched-beam  ion  diode  has  been  operated  on  the  Aurora  pulser  in  positive  polarity  at 
impedances  ranging  from  10  to  35  Cl.  Ion  generation  efficiencies  of  20%  were  observed  with  ion 
energies  ranging  from  2.5  to  5  MeV.  The  ion  current  scaled  inversely  with  the  anode-cathode  gap, 
and  a  peak  vaJue  of  65  kA  was  measured  for  the  smallest  gap.  A  plasma  erosion  switch  was  used  to 
decrease  prepulse  voltage  and  gap  closure  in  the  diode. 

PACS  numbers:  52.50.Dg,  52.70.Nc,  29.25. Cy,  29.25. Dz 


I.  INTRODUCTION 

Progress  in  the  field  of  intense  pulsed  light  ion-beam 
generation  has  been  rapid  over  the  last  few  years,  and  high 
power  ion  beams  are  being  investigated  at  several  laborato¬ 
ries.1  The  Naval  Research  Laboratory  (NRL)  has  concen¬ 
trated  its  efforts  on  the  pinch-reflex  type  of  ion  diode.2  Ex¬ 
periments  with  this  diode  have  been  performed  on  the 
Gamble  I  and  Gamble  II  accelerators  at  NRL,3  the 
PITHON  accelerator  at  Physics  International/  the  Aurora 
accelerator  at  the  Harry  Diamond  Laboratories/  the  SI- 
DONIX  and  THALIE  machines  at  Valduc,4  and  the  REI- 
DEN  IV  accelerator  at  Osaka.’  With  these  machines  a  large 
range  of  diode  impedances  and  ion  energies  have  been  inves¬ 
tigated.  Ion  beams  have  been  produced  with  diodes  operat¬ 
ing  at  impedances  of  1  to  35  C2.  Ion-generation  efficiencies 
(ion  current/diode  current)  of  up  to  60%  have  been  achieved 
at  the  lower-impedance  level.  For  higher-impedance  diodes, 
efficiencies  of  up  to  20%  at  20  Cl  and  5  MV  have  been  mea¬ 
sured.  The  dependence  of  the  ion-beam  output  on  various 
pinched-beam-diode  parameters  is  being  studied  in  order  to 
understand  the  scaling  of  such  diodes  with  impedance  and 
voltage. 

The  Aurora  pulser  is  normally  operated  at  high  imped¬ 
ance  1 35  Cl  I  in  negative  polarity  for  bremsstrahlung  produc¬ 
tion.1  Ion-diode  experiments  in  negative  polarity  on  this  ma¬ 
chine  have  been  reported.5  Since  then  the  accelerator  has 
been  modified  to  operate  in  positive  polarity.  In  this  paper, 
experiments  on  Aurora  in  positive  polarity  using  a  pinch- 
reflex -diode  geometry  are  reported  with  emphasis  on  scaling 
of  the  ion-generation  efficiency  in  the  10  to  35-/2  impedance 
regime.  First,  a  simple  scaling  relationship  for  the  ion  effi¬ 
ciency  of  pinched-beam  diodes  is  presented.  Then  the  experi¬ 
mental  measurements  and  results  are  described.  In  particu¬ 
lar,  it  is  shown  that  the  diode  efficiency  is  20%  at  10  Cl  and 
2.5  MV.  Finally,  the  experimental  results  are  compared  with 
the  expected  scaling  of  the  ion-beam-generation  efficiency. 

ii.  ion-generation-efficiency  scaling 

For  acylindncal-geometry  pinched-beam  diode,  the  ra¬ 
tio  of  the  ion  current  density/  to  the  electron  current  density 
j,  at  nonrelativistic  electron  voltages  is  given  by  // 
j,  =  )*'2  \R  /D )  where  R  is  the  cathode  radius,  D  is 

the  diode  gap,  and  \ft  and  \{,  are  the  electron  and  ion 
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masses.’  The  ion  current  is  enhanced  by  the  factor  R  /D  due 
to  the  different  pathlengths  of  electrons  \—R)  and  ions  \—D) 
as  they  traverse  the  diode  gap.  For  relativistic  electron  vol¬ 
tages,  this  expression  becomes10 

ii/},  =  [M./M, r-  l)/2]  uZ{R  /D),  ( 1 ) 

where  y  is  the  relativistic  factor  for  electrons  at  the  full  diode 
voltage.  Physically  the  relativistic  correction  results  from 
electron-velocity  saturation  at  relativistic  energies  while  the 
ion  velocity  still  increases  with  y.  This  effect  provides  some 
enhancement  of  the  ion  current.  For  example,  the  ratio  of 
ion-to-electron  current  is  increased  by  a  factor  of  2.3  for  a 
diode  operating  at  5  MV  compared  to  the  same  diode  at 
nonrelativistic  voltages. 

For  a  pinched-beam-diode  with  a  reflexing  anode  foil 
(cylindrical  hollow  cathode  and  thin  planar  anode  foil),  the 
ion  current  is  enhanced  further  due  to  the  reflexing  of  elec¬ 
trons  through  the  anode  foil  in  conjunction  with  electron 
pinching  on  axis.  Enhancements  by  a  factor  of  2  to  3  have 
been  determined  from  experiments1 1  and  have  been  predict¬ 
ed  from  computer  simulations1213  for  diodes  operating  at  1 
MV  with  R  /D  values  of  10  to  20.  For  diodes  operating  at 
higher  voltage  and  smaller  values  of  R  /D,  electron  reflexing 
is  less  important,  but  similar  ion-current  enhancement  has 
been  observed.  This  enhancement  was  attributed  to  pro¬ 
longed  electron  lifetime  in  the  diode  due  to  complicated  elec¬ 
tron  trajectories  as  they  drift  across  the  diode  gap.5  In  this 
paper,  experimental  results  for  a  pinch-reflex  diode  with  R  / 
D  values  of  1  to  2  will  be  compared  to  the  scaling  predicted 
by  Eq.  ( 1). 

III.  EXPERIMENTAL  PROCEDURE 

These  experiments  were  performed  on  the  Aurora  ac¬ 
celerator  operated  in  positive  polarity  to  allow  direct  diag¬ 
nostic  access  to  the  ion  beam.  The  Marx  generator  was 
charged  to  -r  90  kV  out  of  a  possible  charge  of  i-  120  kV. 
The  lower  charge  level  was  used  to  minimize  possible  dam¬ 
age  to  the  Blumlein  in  positive  polarity  and  to  limit  the  vol¬ 
tage  across  the  diode  insulator.  Only  one  of  four  vacuum 
transmission  lines  on  the  generator  was  used.  Copper  sul¬ 
phate  dummy  loads  were  installed  in  the  oil  on  the  three 
unused  lines. 

The  output  end  of  the  transmission  line  on  the  accelera¬ 
tor  with  the  diode  is  shown  in  Fig.  1.  The  Blumlein  output 
breaks  down  an  oil  prepulse  switch,  putting  the  voltage  puise 
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OIL  PREP ULSE 
SWITCH 


FIG.  1.  One  arm  ot'  the  Aurora  pulser 
from  the  oil  region  to  the  ion  diode.  The 
location  of  the  resistive  voltage  divider 
Vr,  the  current  shunt  I4 .  the  Hashover 
prepule  switch,  and  the  plasma-erosion- 
switch  system  are  shown. 


Im 


across  the  cylindrical  insulator  tube.  This  pulse  propagates  7 
m  along  a  magnetically  insulated  50-/3  coaxial  transmission 
line.  The  l.2-m  o.d.  coaxial  conductor  is  reduced  to  a  25-cm 
diam  vacuum  chamber  at  the  front  end  while  the  58-cm  i.d. 
conductor  is  tapered  to  10  cm.  The  ion  diode  is  mounted  one 
meter  into  this  smaller  diameter  coax.  A  flashover  prepulse 
switch  mounted  on  the  inner  conductor,  as  shown  in  Fig.  1, 
lowers  the  ~  200-k V  prepulse  on  the  transmission  line  to  less 
than  50  kV.  On  some  shots  a  plasma  erosion  switch  (PES) 
was  used  to  futher  suppress  the  prepulse  as  well  as  to  sharpen 
the  risetime  of  the  main  pulse. 

The  PES  system  consists  of  three  plasma  guns  of  the 
type  developed  by  Sandia  National  Laboratory.14  These 
guns  are  mounted  to  inject  plasma  radially  toward  the  center 
conductor  as  shown  in  Fig.  2.  Several  microseconds  before 
the  main  power  pulse  arrives,  the  guns  inject  columns  of 
carbon  plasma  with  electron  densities  in  the  10'  1012  cm-3 

range  and  with  a  velocity  of  — 107  cm/s.  These  columns 
provide  a  low  impedance  shunt  in  parallel  with  the  ion  diode. 
This  protects  the  ion-diode  load  from  the  machine  prepulse 
as  well  as  shorting  out  some  fraction  of  the  main  voltage 
pulse.  Some  of  the  charge  transmitted  through  the  plasma 
columns  is  provided  by  background  ions  which  come  from  a 
sheath  region  near  the  outer  conductor  (negative  electrode). 
As  this  sheath  grows,  the  impedance  of  the  PES  increases 
rapidly.  The  increasing  magnetic  field  is  the  coaxial  region 
from  the  main  power  pulse  causes  the  PES  to  open  complete¬ 
ly,  and  the  remainder  of  the  power  pulse  is  delivered  to  the 
diode  load.  The  voltage  risetime  across  the  load  becomes  the 
PES  opening  time  which  is  less  than  the  100-ns  accelerator 
voltage  risetime.  The  fraction  of  the  main  voltage  pulse, 
which  is  diverted  through  the  erosion  switch,  can  be  con¬ 
trolled  by  adjusting  the  injected  plasma  density.  This  is  done 
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by  altering  the  distance  of  the  plasma  guns  from  the  center 
conductor  and  the  firing  time  of  the  guns.  Similar  switches 
have  been  used  on  other  pulsed-power  machines.13’16 

The  ion  diode  used  in  these  experiments  is  shown  in  Fig. 
3.  The  anode  consists  of  a  127-um  thick  polyethylene  iCHj 
foil  stretched  on  a  12-cm  diam  aluminum  ring  and  supported 
by  a  thin-wall  j0.17-mm)  aluminum  tube.  The  cathode  is  a 
iO-cm  i.d.,  6.4-mm  thick  aluminum  cylinder  with  a  rounded 


FIG.  2.  Cross-sectional  schematic  of  the  plasma-erosion-switch  system. 

R.  A.  Meger  ano  F.  C  Young  8544 


FIG.  3.  Details  of  the  ion  diode  used  in  positive  polarity. 


end.  On  some  shots  a  1.8-um  thick  aluminized  Kimfol17  foil 
is  located  inside  the  cathode,  followed  by  an  aluminum  wit¬ 
ness  plate  coated  with  LiCl  for  neutron  diagnostics.  A  Ro- 
gowski  coil  is  mounted  behind  the  cathode  to  measure  the 
ion  current  incident  on  the  Kimfol.  This  probe  remains  at 
ground  potential  with  the  generator  configured  in  positive 
polarity. 

The  locations  of  the  accelerator  electrical  diagnostics 
are  shown  in  Fig.  1.  The  resistive  voltage  divider  VT ,  located 
in  oil  near  the  insulating  tube,  provides  the  most  reliable 
voltage  monitor.  Capacitive  voltage  probes  located  in  the 
vicinity  of  VA  in  the  magnetically  insulated  transmission  line 
suffer  from  electron  emission  or  collection  and  do  not  pro¬ 
vide  useable  data.  Resistive  current  shunts  located  on  the 
outer  conductor  provide  reliable  signals  but  do  not  measure 
current  due  to  electrons  flowing  in  the  vacuum  along  the 
surface  of  the  outer  conductor.  The  magnitude  of  such  elec¬ 
tron  current  is  expected  to  be  small  at  the  relatively  low 
electric  fields  present  in  the  large  diameter  coax  region. 

The  remote  electron  and  ion-beam  diagnostics  used  in 
the  experiment  are  similar  to  the  previous  negative-polarity 
experiments.5  Time-integrated  x-ray  emis^en  from  the  di¬ 
ode  was  imaged  with  a  pinhole  camera,  wmie  a  scintillator 
photodiode  measured  the  time-resolved  x-ray  signal.  The  ion 
diagnostics  are  based  primarily  on  measurements  of  neu¬ 
trons  from  the  Li(  p,  /t)7Be  reaction  resulting  from  proton 
bombardment  of  the  LiCl  target.  Neutron  intensities  were 
measured  with  a  Rh-activation  detector13  and  with  Mn-acti- 
vation  detectors.  Neutron  energies  were  measured  with  the 
time-of-flight  ;TOF)  technique  for  flight  paths  of  10  to  15.2 
m  in  the  forward  direction.  These  energy  measurements 
were  used  to  determine  the  ion  voltage  for  the  diode. 

IV.  RESULTS 

Approximately  50  shots  have  been  taken  with  anode- 
cathode  lAKi  gaps  ranging  from  1.5  to  5.5  cm  with  and  with¬ 
out  the  plasma  erosion  switches.  Pinching  of  the  electron 
beam  on  the  anode  axis  as  in  the  negative-polarity  experi¬ 
ments5  was  confirmed  by  x-ray  images  from  the  pinhole 
camera.  For  a  2.0-cm  AK  gap.  the  diode  operated  at  2.5 
MeVand  10/2  inferred  from  neutron  TOFand  total  current 
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measurements],  while  for  a  5-cm  AK  gap  the  diode  operated 
at  5  MeV  and  35  Cl. 

The  large  variation  of  the  diode  load  impedance  modi¬ 
fied  the  power  flow  in  the  accelerator  significantly.  At  low 
impedance  the  mismatch  between  the  diode  and  the  accel¬ 
erator  limited  the  amount  of  power  delivered  to  the  load.  In 
addition,  the  voltage  measured  across  the  insulator  tube  was 
found  to  be  dependent  on  tne  load  impedance.  Figure  4 
shows  the  behavior  of  the  tube  voltage  for  two  shots  with  AK 
gaps  of  5.5  and  3.0  cm.  The  large-AK-gap  shot  No.  3057) 
ran  at  a  higher  tube  voltage  and  impedance  than  the  smaller- 
AK-gap  shot  i  No.  35091.  In  general,  shots  with  lower  peak 
tube  voltage  had  longer-duration  voltage  pulses.  This  behav¬ 
ior  of  the  tube  voltage  may  be  a  consequence  of  the  insulator 
design.  The  insulator  was  built  for  negative-polarity  oper¬ 
ation.  Using  it  in  positive  polarity  degrades  the  voltage 
standoff  by  about  a  factor  of  2.:o  Also,  the  insulator  fla- 
shover  process  is  time  and  voltage  dependent,  with  higher 
voltages  giving  faster  breakdown.  For  high-impedance  diode 
configurations,  insulator  flashover  limited  power  flow  into 
the  diode;  while  at  lower  impedances,  accelerator  coupling 
limited  the  power  flow.  In  all  cases  the  peak  power  was  less 
than  1  T  W. 

Electrical  measurements  are  presented  in  Fig.  5  for  a 
shot  with  a  4.0-cm  AK  gap  and  with  the  PES  system.  Vol¬ 
tage  and  current  traces  measured  near  the  insulator  tube  and 
the  corresponding  power  are  given  in  Fig.  5ia|.  The  voltage 
\VT\  peaks  at  7.5  MV  and  has  a  FWHM  of  150  ns.  The 
current  I IT)  increases  during  tne  voltage  pulse  to  a  peak  of 
180  kA  before  this  monitor  shorts.  The  injected  peak  power 
is  0.8  T  W.  Current  traces  I IA  and  IR )  measured  near  the 
diode  are  displayed  in  Fig.  5(b).  The  peak  value  of  IA  is  simi¬ 
lar  to  IT,  but  the  trace  is  delayed  by  the  transit  time  of  the 
transmission  line.  The  ion  current  \IR )  rises  to  a  peak  of  29 
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FIG  i  Measured  lube  ••olujes  I'.-  for  a  5.5-cm-AK-gap  shot  No  505". 
and  for  a  •  Ncm-AK-gap  -.ho;  No,  5059'. 
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FIG.  5.  Electrical  traces  measured  ial  near  the  insulator  and  lb|  near  the 
diode  for  a4.0-cm-AK-gap  shot  i  No.  3058).  The  power  trace  in  ia|  is  given 
by  It  yr- 


kA  corresponding  to  an  ion  efficiency  \IA  /IR )  of  16%.  Peak 
values  of  these  currents  are  nearly  simultaneous  and  these 
values  are  used  to  characterize  the  ion  efficiency. 

The  dependences  of  the  peak  shunt  current  IA  and  peak 
Rogowski-coil  current  IR  on  the  AK  gap  are  displayed  in 
Figs.  6  and  7,  respectively  .  In  both  cases,  an  inverse  relation¬ 
ship  between  current  and  AK  gap  is  observed.  The  shunt 
current  measures  the  total  diode  current  except  for  vacuum 
electron  flow  past  the  shunt.  This  electron  flow  is  expected  to 
be  small  in  the  large-diameter  vacuum  coax  region  where  the 
shunt  resistor  is  located.  The  Rogowski  coil  measures  the  net 
ion  current  passing  through  the  coil  and  does  not  record 
current  lost  in  front  of  the  coil  or  current  shielded  by  comov¬ 
ing  electrons.  Electron  emission  from  the  Kimfoi  is  negligi¬ 
ble  because  it  is  recessed  6  cm  within  the  hollow  cathode. 
Witness  plate  and  surface  damage  in  the  diode  indicate  that 
ions  striking  the  cathode  before  the  Rogowski  coil  represent 
<  10%  of  the  total  ion  current.  Computer  simulations11  of 
the  behavior  of  electrons  and  ions  in  the  diode  suggest  that 
comoving  electrons  could  shield  as  much  as  20%  of  the  total 
ion  current. 

The  PES  system  was  operated  on  about  half  of  the  shots 
in  this  e  t'  riment.  The  amount  of  plasma  in  the  erosion- 
switch  g-  differed  from  shot  to  shot  depending  on  the  plas¬ 
ma-gun  timing.  The  erosion-switch  operation  did  not  affect 
the  inverse  dependence  of  the  shunt  current  on  the  AK  gap 
[see  Fig.  6).  On  some  shots  the  plasma  density  was  increased 


FIG.  6.  Dependence  of  the  peak  value  of  the  shunt  current  /,  on  the  AK 
gap.  Shots  with  the  PES  system  operating  are  plotted  as  open  circles. 


so  that  most  of  the  pulse  was  shunted  through  the  PES  sys¬ 
tem.  On  these  shots  the  peak  shunt-current  signal  ap¬ 
proached  300  kA  independent  of  the  AK  gap. 

The  maximum  Rogowski  current  of  65-kA  peak  value 
was  measured  at  the  smallest  AK  gap  of  2  cm  i  see  Fig.  7). 
Operation  of  the  PES  system  did  not  affect  the  inverse  de¬ 
pendence  of  the  Rogowski  current  on  the  AK  gap  but  did 
sharpen  the  risetime  of  this  current.  This  is  consistent  with 
suppression  of  plasma  formation  in  the  diode  by  the  PES 
system  early  in  the  voltage  pulse. 

The  diode  voltage  was  inferred  from  neutron  TOF  mea¬ 
surements  using  the  7Lii ip,  n)?Be  reaction.  Neutron  TOF 
traces  for  three  different  AK  gaps  are  shown  in  Fig.  31a).  As 
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FIG.  “.  Dependence  of  the  peak  value  of  the  Rcgowski-cotl  current  IR  on 
the  AK  gap.  Shots  with  the  PES  system  operating  are  plotted  as  open 
circles.  The  solid  curve  represents  an  inverse  dependence  on  the  AK  gap. 
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the  AK  gap  is  reduced,  the  neutron  signal  is  delayed  in  time 
and  is  less  intense.  Measurable  neutron  traces  were  observed 
at  small  AK  gaps  by  decreasing  the  neutron  flight  path.  The 
neutron  flight  time  was  determined  by  measuring  from  the 
peak  of  the  x-ray  pulse  to  the  leading  edge  of  the  neutron 
signal  i50%  of  the  peaki  and  correcting  for  the  x-ray  flight 
time.  This  measurement  corresponds  to  the  most  energetic 
neutrons  and  consequently  the  most  energetic  protons  from 
the  diode.  Proton  energies  extracted  from  such  measure¬ 
ments  using  the  Li!  p,  Be  reaction  kinematics11  are 
shown  in  Fig.  3(b).  These  measurements  have  an  uncertainty 
of  ±  0.2  MeV  due  to  the  uncertainty  in  time  between  the  x- 
ray  and  neutron  signals.  This  measurement  is  difficult  below 
3  MeV  because  this  reaction  has  a  neutron-production 
threshold  of  1.9  MeV.  The  dependence  of  the  proton  energy 
on  AK  gap  is  not  sensitive  to  the  use  of  the  PES  system  [see 
Fig.  3lbi]. 

The  proton  intensity  may  be  deduced  from  the  mea- 
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FIG.  3.  ai  Neutron  TOF  signals  measured  :'or  AK  gaps  of  5  3,  a  0.  and  3  3 
cm.  'bi  Depencence  of  the  proton  energy,  determined  from  neutron  TOF. 
on  the  AK  gap.  Shots  with  the  PES  system  operating  are  pio:  ed  us  oner, 
circles. 


sured  neutron  yield  for  comparison  with  the  Rogowski-cur- 
rent  measurements.  Yields  of  1  to  2  x  10"  neut/sr  at  45° 
were  measured  with  the  Rh-activation  detector  for  AK  gaps 
of  2  to  5  cm.  This  yield  is  approximately  constant  as  the  AK 
gap  is  increased  because  the  larger  yield  expected  from  in¬ 
creasing  proton  energy  is  compensated  for  by  a  decreasing 
proton  current.  The  largest  yield  in  these  experiments  is 
2x  1 0 1 2  neutrons/pulse  into  4t,  which  is  only  20%  of  that 
obtained  in  the  negative-polarity  experiments.3  The  proton 
intensity  is  determined  from  the  neutron  yield  by  using 
thick-target  yields5  at  45°  for  the  Lii  p ,  rtf  Be  reaction  and 
the  proton  energy  determined  from  neutron  TOF.  Intensi¬ 
ties  range  from  5x  1015  protons  for  a  5-cm  AK  gap  to 
2  x  10 16  protons  for  a  2-cm  AK  gap.  These  intensities  corre¬ 
spond  to  average  proton  currents  of  3  and  30  kA,  respective¬ 
ly.  for  a  pulse  duration  of  100  ns.  Since  the  neutron  intensi¬ 
ties  used  to  evaluate  these  currents  are  time  integrated,  these 
currents  represent  values  averaged  over  the  pulse  duration. 
These  currents  are  approximately  one-half  of  the  peak  Ro- 
gowski-current  measurements  given  in  Fig.  7.  Such  a  differ¬ 
ence  is  consistent  with  average  currents  determined  from 
neutron  measurements  compared  to  peak  values  from  Ro- 
gowski-coil  measurements. 

To  provide  a  representative  diode  impedance,  the  diode 
voltage,  derived  from  a  neutron  TOF  measurement,  is  divid¬ 
ed  by  the  peak  diode  current,  as  given  by  the  shunt  current 
I A  ■  This  impedance  increases  from  about  10  Cl  at  the  small¬ 
est  AK  gap  to  35  C2  at  the  largest  AK  gap.  The  ion-genera¬ 
tion  efficiency  [IR/lA )  is  20%  for  a  2. 5-MV,  10-/2  diode  with 
2-cm  AK  gap.  If  the  gap  is  increased  to  5  cm.  the  ion  effi¬ 
ciency  is  still  20%  but  the  diode  operates  at  5  MV  and  35  Cl. 
These  results  are  similar  to  negative-polarity  experiments5 
for  which  the  ion  efficiency  was  20%  at  5  MV  and  25  Cl\ 
however,  the  negative-polarity  experiments  were  carried  out 
at  a  higher  power  level  of  —  1.2  T  W. 

In  order  to  test  the  scaling  of  the  ion-beam-generation 
efficiency,  as  described  ir.  Sec.  II.  the  peak  ion  current  from 
the  Rogowsxi  coil  was  normalized  to  the  electron  current 
'/,  =  /,  —/„)  and  to  the  relativistic  factor  —  If  where 
7  =  [  If,  /M,  C")  —  1]  and  Vp  is  the  proton  energy  derived 
from  neutron  TOF.  The  dependence  of  these  normalized 
quantities  on  the  AK  gap  is  shown  in  Fig.  9.  Shots  with  the 
PES  system  are  consistent  with  an  inverse  dependence  on  the 
AK  gap  as  would  be  expected  from  the  theory’  described  in 
Sec.  II.  The  non-PES  shots  fall  to  the  right  of  the  PES  data  in 
Fig.  9.  Comparison  of  these  data  suggests  that  without  the 
PES  system,  anode  and  cathode  plasmas  formed  early  in 
time  result  in  a  1-cm  greater  closure  of  the  AK  gap  than 
shots  with  the  PES  system.  Gap  closure  of  1  cm  without  the 
PES  is  possible  due  to  anode  and  cathode  plasma  formation 
either  from  the  accelerator  prepulse  or  during  the  rising  por¬ 
tion  of  the  diode  voltage  pulse.  The  data  shown  in  Fig.  9 
correspond  to  a  value  of  l/p //,,  1 17  —  l)-1 =  0.09fora2.5- 
cm  AK  gap  using  peak  values  for  the  various  terms.  This 
value  is  2.5  times  larger  than  that  predicted  for  R  :'D  scaling 
of  the  pinchea-beam  diode.  Such  enhancement  factors  are 
consistent  with  previous  experimental  results  on  the  other 
accelerators"  and  are  attributed  to  electron  reflexing  in  the 
AK  gap. 
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FIG.  9.  Dependence  of  the  peak  Rogowski-coil  current,  normalized  accord¬ 
ing  to  Eq.  i  11.  on  the  AK  gap.  Shots  with  the  PES  system  operating  are 
plotted  as  open  circles.  The  solid  curve  represents  an  inverse  dependence  on 
the  AK  gap. 

V.  SUMMARY 

In  these  first  experiments  performed  in  positive  polarity 
on  the  Aurora  accelerator,  the  Marx  generator  2 -id  Blumlein 
operated  satisfactorily  at  -p  90-kV  Marx  charge.  A  voltage 
dependent  shortening  of  the  pulse  across  the  diode- insulator 
stack  was  observed  and  may  be  related  to  insulator  fla- 
shover.  This  behavior  is  dependent  on  the  diode  impedance 
as  determined  by  the  AK  gap  in  the  pinched-beam-diode 
geometry  used  in  these  experiments. 

Plasma  erosion  switches  were  used  in  these  experiments 
to  eliminate  prepulse  at  the  ion  diode.  These  switches  ap¬ 
peared  to  decrease  AK  gap  closure  by  1  cm,  thereby  allowing 
smaller  AK  gaps  to  be  used  without  gap  closure,  shorting  the 
pulse  prematurely. 

Ion  beams  with  peak  net  currents  of  65  kA  were  mea¬ 
sured  for  a  10-/3,  2.5-MV  diode  configuration.  The  ion  cur¬ 
rent  appears  to  scale  inversely  with  the  AK  gap.  The  ion 
efficiency  is  constant  at  20%  over  the  10-  to  35-/2  impedance 
range  of  this  experiment.  This  effect  may  be  due  to  the  poor 
coupling  of  the  low-impedance  pinched-beam  diode  to  the 
50-/2  transmission  line  of  the  Aurora  accelerator  which  li¬ 
mited  peak  power  levels  to  less  than  1  T  W.  The  ion  effi¬ 
ciency  of  20%  is  2.5  times  larger  than  that  expected  from 
pinched-beam-diode  theory  and  agrees  with  other  pinch-re- 
flex-diode  experiments  and  numerical  simulations. 
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Production  of  intense  light  ion  beams  on  a  muititerawatt  generator 

J.  W.  Maenchen,*’  F.  C.  Young,®’  R.  Stringfield.5’  S.  J.  Stephanakis,®’  D.  Mosher,®’ 

Shyke  A.  Goldstein,®’  R.  D.  Genuario,*’  and  G.  Cooperstein®’ 

Saval  Research  Laboratory,  Washington.  DC.  20375  and  Physics  International  Company.  San  Leandro. 
California  94577 

(Received  23  August  1932;  accepted  for  publication  17  September  1982) 

The  operation  of  a  pinch-reflex  diode  as  an  intense  pulsed  ion-beam  source  has  been  scaled  up  to 
the  muititerawatt  PITHON  generator.  Ion  beams  with  currents  of  1  MA  at  1.3  MeV  have  been 
extracted  in  a  130  kJ,  100-ns  pulse.  The  corresponding  ion  production  efficiency  is  60%.  Power 
losses  were  observed  in  interfacing  the  coaxial  diode  to  the  biconic  vacuum  feed  of  the  generator. 

By  using  smaller  area  diodes,  the  average  current  density  at  the  anode  source  was  increased  to  20 
kA/cm:.  Proton  and  deuteron  beams  were  studied  in  both  planar  and  spherical  diode  geometries. 
The  ion  beam  is  focused  predominantly  by  self-magnetic  fields  for  planar  diodes  and 
predominantly  by  electrode  shaping  for  spherical  diodes.  Current  densities  exceeding  150  kA/ 
cm2  were  achieved  with  spherical  diodes.  The  spatial  evolution  of  the  anode  and  cathode  plasmas 
was  studied  by  laser  holographic  interferometry.  As  the  peak  of  the  power  pulse  is  approached, 
plasmas  were  observed  to  expand  from  the  electrodes  in  fairly  uniform  profiles  with  steep  density 
gradients  and  to  accelerate  across  the  vacuum  gap.  After  peak  power,  anode  plasma  fluctuations 
and  a  high-velocity  i30  cm/^si  axial  plume  develop;  the  latter  expands  radially  coincident  with 
collapse  of  the  power  pulse. 

PACS  numbers:  52.25.Dg,  52.70.C,  29.25. Cy,  29.25. Dz 


I.  INTRODUCTION 

Recent  technological  advances  in  the  production  and 
focusing  of  intense  pulsed  light  ion  beams1-3  (hydrogen,  deu¬ 
terium.  and  carbom  have  led  to  the  achievement  of  intensi¬ 
ties  approaching  1  NLA/cm3.  The  present  achievements  and 
the  potential  for  continued  advancements  make  light  ion 
beams  a  prime  candidate  as  a  driver  for  inertial  confinement 
fusion  (ICF).  Ions  can  be  produced  at  high  efficiency  in  ex¬ 
traction  geometries  appropriate  to  ICF  ignition.4-6  In  addi¬ 
tion,  beam  power  density  delivered  on  target  can  be  in¬ 
creased  over  the  source  density  through  velocity  bunching  of 
the  ions  during  transport,4  by  geometrical  shaping  of  the  ion 
source.5  or  by  external  magnetic  focusing  of  the  extracted 
ion  beam.7  Energy  deposition  of  the  ion  beam  in  target  plas¬ 
mas  approaches  100%. 3 

A  variety  of  diode  configurations  to  produce  light  ion 
beams  for  ICF  have  been  discussed  in  the  literature.1-3  In 
this  paper,  experimental  investigations  into  the  production 
and  ballistic  focusing  of  proton  and  deuteron  beams  from 
one  such  diode  type  are  presented.  The  pinch-reflex  diode,5 
developed  by  the  Naval  Research  Laboratory  [NRLi,  was 
matched  to  the  Physics  International  Company  PITHON 
generator.6  In  addition  to  diode  physics  studies,  the  coupling 
between  a  biconic  magnetically  insulated  vacuum  transmis¬ 
sion  line  and  a  small  pinch-reflex  diode  at  high  stress 
(£>  2x  IQ6  V/cm)  has  been  investigated. 

The  early  motivation  for  this  work  stemmed  from  com¬ 
putational  modeling  of  the  pinch-reflex  diode  for  ICF  appli- 
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cations.  The  PITHON  generator  parameters  are  similar  to 
those  of  a  single  module  in  a  multiion-beam  target  irradia¬ 
tion  concept  based  on  beam  bunching  during  transport  in  Z 
pinches10  and  multibeam  overlap  on  target.  Two  experimen¬ 
tal  sessions  were  performed  with  this  generator:  The  first 
studied  the  scaling  of  diode  performance  and  ballistic  focus¬ 
ing  at  higher  powers  and  longer  pulse  lengths  than  previous¬ 
ly  available2;  the  second  studied  the  detailed  evolution  of  the 
electrode  plasma  surfaces — information  essential  for  design 
of  a  diode  to  produce  a  high-quality  focused  ion  beam. 1 1  A 
more  detailed  report  of  this  work  may  be  obtained  by  re¬ 
questing  NRL  Memorandum  Report  No.  4726  or  PI  Report 
PIIR-2-32. 

In  this  paper,  the  results  of  these  studies  are  presented. 
The  generator  and  diode  are  discussed  in  Sec.  II.  The  beam 
diagnostics  employed  to  evaluate  ion  species,  current-den¬ 
sity  profile  and  history,  time-integrated  beam  geometry,  and 
anode  plasma  surface  evolution  are  described  in  Sec.  III.  The 
principal  results  of  the  two  experimental  sessions  are  pre¬ 
sented  and  discussed  in  Sec.  IV.  Conclusions  are  presented  in 
Sec.  V. 

II.  EXPERIMENTAL  APPARATUS 

The  negative  polarity  PI  i  n  )N  generator6  was  used  to 
power  these  pinch-reflex -diode  experiments.  The  output  sec¬ 
tion  of  the  generator,  shown  in  Fig.  1,  is  a  water-dielectric 
coaxial  transmission  line  (shaded  areal  of  0.75  or  1.0 -fi  im¬ 
pedance.  The  line  bends  radially  inward  and  flares  to  an  ep¬ 
oxy  interface  which  separates  the  water  from  vacuum.  Inter¬ 
face  voltage  and  current  diagnostics  are  located  at  several 
azimuthal  positions  in  the  flare.  On  the  vacuum  side  of  this 
structure  the  energy  pulse  is  carried  both  by  an  electromag¬ 
netic  wave  and  by  field-emitted  drifting  electrons.  The  total 
current  can  be  measured  only  on  the  anode  and  is  monitored 
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FIG.  1.  Schematic  of  the  vacuum-feed  in¬ 
terface  on  PITHON. 


by  self-integrating  Rogowski  coils11  at  the  vacuum  interface 
l/0)  and  at  the  diode  (ID).  A  dielectric  surface-flashover 
switch  interrupts  the  cathode  feed  to  reduce  the  accelerator 
early-time  “prepulse”  voltage  on  the  diode  to  about  5  kV. 

Several  distinct  vacuum-feed  and  diode  configurations 
were  tested  in  the  two  experimental  sessions  reported  here. 
The  basic  structures  for  planar  and  focusing  geometry  di¬ 
odes  are  shown  in  Fig.  2.  Following  the  vacuum  feed  from 
the  flashover  switch  toward  the  axis,  an  abrupt  transition  is 
made  from  a  radial  biconic  to  a  coaxial  geometry.  The  inner 
coax  conductor  is  rigidly  attached  to  the  cathode  feed  and 
extends  either  as  a  thick  stainless  steel  cylinder  or,  in  later 
experiments,  as  a  thin  disposable  aluminum  tube  which  is 
tapered  to  give  a  smaller-diameter  cathode  emission  tip  [see 
Fig.  7iai].  The  outer-coax  anode  conductor  is  stainless  steel 
and  can  be  adjusted  for  concentricity  and  axial  spacing. 

For  the  planar-diode  configuration,  shown  in  Fig.  2iai, 
the  anode  assembly  consists  of  a  120-um  thick  polyethylene 
(CH;)  disk  held  5  mm  from  a  carbon  backing  plate  by  a  15- 
cm-diam  insulating  ring  and  central  carbon  button.  When 
the  CH:  surface  flashes  early  in  the  electrical  pulse,  an  anode 
plasma  spreads  across  the  foil  and  expands  into  the  anode- 
cathode  gap.  Ions  are  accelerated  toward  the  cathode  from 
the  low-density  front  of  this  moving  plasma  and  are  de¬ 
flected  radially  inward  by  their  self-magnetic  field  toward  a 
focal  position  which  varies  in  time.  The  ion  beam  current 
[Iian )  is  measured  by  a  self-integrating  Rogowski  coil  shel¬ 
tered  behind  the  cathode  tip.  The  ions  pass  through  a  1.8- 
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/rm-thick  polycarbonate  iKimfol’3)  pressure-window  cath¬ 
ode  foil  and  propagate  current  and  charge  neutralized  in  a 
1-Torr-nitrogen  dnft  chamber  toward  a  focus.  Several  cath¬ 
ode  shapes  and  sizes  were  studied,  including  enhanced -emis¬ 
sion  tip  (Fig.  21  and  smooth  tapered  cathodes  with  hollow 
inner  areas  of  100  or  30  cm1. 

The  focusing  configuration  of  the  pinch-reflex  diode  is 
shown  in  Fig.  2(b).  Anode  foils  of  250-am-thick  polyvinyl 
acetate  (PVA),  deformed  into  spherical  sections  with  a  12.7- 
cm  radius-of-curvature,  are  mounted  onto  machined  carbon 
backing  plates  with  similar  contours  to  maintain  a  5-mm 
foil-plate  separation.  An  extended-tip  cathode  is  used  to  de¬ 
fine  the  100-cm:  diode  area,  and  3-  to  4~mm  anode-cathode- 
ip  gaps  are  used  for  1-/2  operation.  Ions  are  focused  several 
centimeters  inside  the  center  of  the  sphere  defined  by  the 
anode  because  of  additional  diode  j9-field  bending.  The  in¬ 
tent  of  this  design  is  to  create  a  high  current-density  ion- 
beam  focus  which  is  less  sensitive  to  radial  and  temporal 
diode  field  variations  during  the  pulse." 

III.  DIAGNOSTICS 

In  this  section  beam  and  plasma  diagnostics  will  be  de¬ 
scribed  and  data  reduction  procedures  will  fee  discussed. 
These  include:  bremsstrahlung  diagnostics  for  the  electron- 
beam  dynamic  pinch  and  energy-deposition  histories;  a  Ro¬ 
gowski  coil  to  measure  the  ion-beam  current;  a  "shadow- 
box"  diagnostic  for  spatial  and  velocity  profiling  of  the  ion 
beam;  nuclear-reaction  diagnostics  for  ion-beam  charge  and 
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FIG  -.  P:nch-rei!ex-<ii<xle  assemblies  for  the  first  exper.mentai  session  ,n 
ai  planar  geometry  and  ' b>  focus. ng  geometry. 

current  determinations;  and  a  laser  holographic  interfero¬ 
metry  system  for  studying  the  evolution  of  the  anode  and 
cathode  plasmas. 


A.  X  rays 

The  ion  power  and  energy  on  each  shot  are  correlated 
with  the  electron  bremsstrahlung  radiation  intensity.  The 
symmetry  and  size  of  the  electron  pinch  are  determined  by 
imaging  this  radiation  with  a  pinhole  camera  which  is  rigidly 
mounted  outside  the  vacuum  chamber  on  the  diode  axis  and 
records  photons  with  energies  greater  than  50  keV.  This 
camera  images  the  diode  with  0.5-mm  resolution  onto  a 
stack  of  films  with  a  wide  range  of  x-ray  sensitivities  to  pro¬ 
vide  good  contrast  for  the  variation  of  bremsstrahlung  inten¬ 
sity  across  the  diode  image.  Lithium  fluoride  thermolu¬ 
minescent  detector  TLD>  capsules  monitor  the 
time-integrated  bremsstrahlung  dose  at  the  camera  from  the 
entire  anode. 

The  time-resolved  x-ray  output  from  the  electron  pinch 
is  monitored  with  an  optical  photodiode  iPDXi  coupled  to  a 
plastic  scintillator.  Because  the  bremsstrahlung  intensity 
scales  with  electron  energy,  a  large  x-ray  signal  with  a  large 
full  width  at  half  maximum  iFW'HMl ;  40-60  nsi  indicates  a 
high-voltage,  long-impedance-lifetime  shot. 

Any  serious  current  losses  m  the  vacuum  feed  could  be 
correlated  with  the  photographic,  TLD.  and  PDX  data  as 
well  as  with  visual  hardware  damage. 

B.  Ion  imaging 

The  location  of  the  ion-beam  focus  was  determined  by 
ballistic  reconstruction  of  ion  trajectories  from  ion-induced 
melt  damage  patterns  on  the  witness  plate  of  a  shadowbox,: 
as  illustrated  in  Fig.  3.  The  interpretation  of  this  data  is 
based  on  the  following  assumptions:  Ions  are  accelerated 
from  a  planar  anode  plasma  with  initial  velocity  vectors  par¬ 
allel  to  the  diode  axis.  As  they  cross  the  anode-cathode  gap. 
each  ion  is  magnetically  deflected  by  the  magnetic  field  from 
a  calculated  lon-current-density  profile.1'*  Upon  passing 


WITNESS  PLATE  SEST  FOCUS  ANOOE 


FIG  3  Shadowbox  geometry  and  reconstruction  of  ion-beam  trajectories 
for  planar-diode  Shot  lb'o. 
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through  the  cathode  foil  and  entering  the  1-Torr-nitrogen 
drift  chamber,  the  ions  are.charge  and  current  neutralized 
and  hence  execute  straight-line  orbits  through  a  focal  region 
and  expand  into  the  shadowbox.  Current  neutrality  in  the 
gas  region  has  been  measured  to  be  better  than  98^.  The 
damage  patterns  on  the  witness  plate  of  the  shadowbox  are 
projections  of  the  ion  beam  through  the  front  apertures  'see 
Fig.  3).  The  patterns,  which  are  time-integrated  records,  of¬ 
ten  form  teardrop  or  oval  shapes  with  the  long  dimension 
along  a  radius.  The  radial  extent  of  the  damage  is  attributed 
to  the  change  in  focal  length  during  the  pulse  due  to  time 
varying  diode  fields.  The  azimuthal  width  of  the  damage  is 
due  to  the  divergence  of  the  ion  beam  upon  exiting  the  cath¬ 
ode  foil.  The  computer  reconstruction,  shown  in  Fig.  3, 
traces  the  recorded  damage  areas  back  through  the  front- 
plate  apertures,  through  the  focus,  and  onto  the  anode  sur¬ 
face.  The  large  damage  patterns  at  the  smallest  radii  on  the 
witness  plate  are  due  to  the  time  varying  location  of  the  focal 
spot  moving  through  the  shadowbox  position  and  are  not 
useful  in  planar  geometry  reconstructions. 

C.  Nuclear  diagnostics 

The  intensity  and  duration  of  proton  or  deuteron  cur¬ 
rents  were  monitored  by  nuclear-reaction  techniques.  For 
proton  beams,  a  prompt  j'-ray  diagnostic13  was  employed 
utilizing  the  19Fi p,ay)'6 O  reaction.  Teflon  lCF;)  targets 
were  placed  in  the  ion-beam  path,  and  6-MeV  prompt-  y  rays 
were  measured  with  a  plastic  scintillator  and  photomulti¬ 
plier  detector  housed  in  a  3.2-cm-thick  lead  enclosure  locat¬ 
ed  4  m  from  the  ion  diode  at  95”  to  the  diode  axis  and  behind 
a  1-m-thick  concrete  shielding  wall.  The  wall  differentially 
shields  the  diode  bremsstrahlung  and  improves  the  r-ray-to- 
bremsstrahlung  ratio.  Measured  and  calculated  signals  for 
this  detector  on  a  shot  with  a  CH,  anode  and  Teflon  target 
are  compared  in  Fig.  4.  The  calculated  signal  shape  was  ob- 
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FIG  4  Prompt-;-' signais  measured  ?n  Shot  solid  line' ind  calculated 
open  cirdesi  for  protons  an  a  thick  CF;  target.  The  calculated  trace  has 
been  normalized  in  amplitude  to  the  measured  signal. 


tained  from  the  experimental  ion-current  and  diode-voltage 
waveforms  using  the  thick-target  yield  for  the  ‘’FI  p.ay\lt,0 
reaction  as  described  in  Ref.  15.  This  detector  could  not  be 
calibrated  absolutely  as  the  attenuation  of  the  prompt-;/  sig¬ 
nal  by  the  concrete  shielding  wall  is  difficult  to  estimate. 

The  total  yield  of  deuteron  beams  was  determined  by 
measuring  neutrons  from  the  D(d,/n3He  and  ,:C|d?,Ji.i13N  re¬ 
actions.  Deuteron  beams,  produced  by  using  CD;-coated 
PVA-foil  anodes,  were  directed  onto  thick  CD-  targets  to 
produce  these  reactions.  Because  the  ion  beam  was  directed 
into  the  generator  in  these  experiments,  neutron  measure¬ 
ments  were  confined  to  angles  greater  than  90”  from  the  deu¬ 
teron  direction.  Total  neutron  yields  were  measured  with  a 
rhodium-activation  detector16  located  16.8  m  from  the  diode 
at  175”.  This  detector  viewed  the  target  through  a  30-cm- 
diam  hole  in  the  60-cm-thick  concrete  shielding  wall  located 
midway  between  the  target  and  detector.  This  geometry 
minimized  the  number  of  room-scattered  neutrons  mea¬ 
sured  and  allowed  the  neutron  intensity  to  be  scaled  inverse¬ 
ly  with  the  square  of  the  source-to-detector  distance.  The 
rhodium-activation  detector  was  calibrated  with  a  :;2Cf  neu¬ 
tron  source  as  described  in  Ref.  16.  Deuteron  intensities 
were  inferred  from  measured  neutron  intensities  by  using 
Dlzf,/t|3He  and  i:C(d,/i|13N  reaction  yields  and  deuteron  en¬ 
ergies  from  the  diode  voi  jge  waveform.  Thick-target  yields 
for  these  reactions  were  calculated  from  measured  cross  sec¬ 
tions17 18  and  published  stopping  powers19  and  are  presented 
in  Fig.  5.  Above  1  MeV,  the  i;:C(zf,/i)13N'  reaction  contributes 
significantly  to  the  neutron  yield. 


FIG  5  Thick-target  >te:d>  for  the  D  d.i-  He  and  ;C  a.~<  N  reactions  at 
IT 
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The  neutron  time-of-flight  iTOF)  technique  was  used 
with  the  Dl<f,/:i'He  reaction  to  determine  neutron  energies 
and  to  monitor  the  duration  of  the  deuteron  beam.  A  neu¬ 
tron  TOF  detector,  consisting  of  a  plastic  scintillator 
quenched  with  5^  piperidine20  and  photomultiplier  mount¬ 
ed  within  a  7.6-cm-thick  lead  shield,  was  located  next  to  the 
rhodium-activation  detector.  In  order  to  operate  the  photo¬ 
multiplier  in  the  linear  range,  the  light  emitted  from  the  scin¬ 
tillator  was  attenuated  with  an  ND-1  filter.  The  time  history 
of  the  deuteron  beam  was  determined  using  a  similar  TOF 
detector  shielded  with  10  cm  of  lead  and  located  3.2  m  from 
the  diode  at  160°. 21  Typical  traces  from  these  two  TOF  detec¬ 
tors  are  shown  in  Fig.  6.  The  time  interval  from  the  peak  of 
the  bremsstrahlung  to  the  peak  of  the  neutron  signal  on  the 
far  detector  was  used  to  determine  the  neutron  kinetic  ener¬ 
gy  of  1.9  —  0.2  MeV.  This  measurement  could  not  be  used  to 
uniquely  determine  the  deuteron  energy  ii.e.,  diode  voltage! 
because  the  neutron  energy  is  insensitive  to  the  deuteron 
energy  for  the  d-d  reaction  at  the  175’  measurement  angle. 
Furthermore,  the  variation  of  deuteron  angles  incident  on 
the  target  introduces  an  uncertainty  in  the  neutron-emission 
angle.  Neutron-energy  determinations  are.  however,  consis¬ 
tent  with  deuteron  energies  given  by  the  diode  voltage.  The 
measured  ion  current  and  diode  voltage  were  used  to  calcu¬ 
late  the  neutron  responses  shown  in  Fig.  6  Ref.  21 1.  The 
shapes  of  the  measured  and  calculated  responses  are  in  good 
agreement.  The  duration  of  the  neutron  signal  on  the  near 
detector 1 FWHM  of  60  nsl  gives  a  measure  of  the  duration  of 
the  deuteron  beam,  which  compares  favorably  with  the  du¬ 
ration  of  the  ion  pulse  based  on  the  measured  diode-voltage 
and  ion-current  traces  for  this  shot. 
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FIG.  6.  Neutron  TOF  traces  for  Shot  1692.  Calculated  neutron-puise 
*hap<s  at  3.2  and  16  3  m  are  plotted  as  open  circles.  The  calculations  are 
normalized  in  amplitude  to  the  measured  neutron  responses. 


D.  Holographic  interferometry 

The  final  diagnostic  to  be  described  is  the  holographic- 
interferometry  system”  used  to  monitor  the  anode  and  cath¬ 
ode  plasma  motions  in  the  interelectrode  gap.  The  system 
employs  a  6-ns  ruby  laser  pulse  which  is  split  into  four  beams 
delayed  by  path  length  in  10-ns  increments  to  form  a  train  of 
four  laser  pulses  over  a  30-ns  interval.  Each  of  these  four 
beams  is  then  split  into  a  scene  and  a  reference  beam.  The 
scene  beams  traverse  the  pinch-refie.x  diode  through  slots  on 
the  anoae  structure  ana  then  through  lenses  and  mirrors  to 
form  real  images  of  the  diode  on  a  glass  holographic  film 
plate.  The  reference  beams  are  directed  to  the  film,  overlap¬ 
ping  their  respective  scene  beams  to  produce  an  array  of  four 
holograms  on  the  film  plane.  Two  such  sets  of  holograms  are 
superposed:  one  made  before  the  shot  and  the  other  during 
the  shot. 

By  shining  light  through  a  developed  interferometric 
hologram,  both  an  image  of  the  diode  and  a  series  of  fringes 
can  be  seen  isee  Fig.  7).  Where  no  plasma  is  present,  uniform¬ 
ly  spaced  straight  fringes  are  produced  on  the  image  by  in¬ 
troducing  a  uniformly  changing  optical-path-length  differ¬ 
ence  i by  slightly  tilting  a  mirrorl  between  the  two  sets  of 
holograms.  Additional  changes  in  the  optical  path  length 
caused  by  the  presence  of  plasma  result  in  shifting  of  the 
fringes.  The  shifting  of  a  fringe  over  the  distance  of  one  refer¬ 
ence  fringe  spacing  corresponds  to  an  additional  wave  length 
of  path  difference  due  to  the  plasma.  The  corresponding 
plasma  density  can  be  estimated  by  the  relation: 
ri'AX  =  3.2  X  lO'Vcnr/fnnge  shift,  where  JT  is  the  total 
path  length  through  a  uniform  plasma  of  density  nt .  The 
largest  plasma  line  density  measurable  by  this  technique  is 
that  for  which  the  index  of  refraction  equals  zero  ii.e., 
2.3  X  102l/cm2).  The  maximum  density  observable  in  this 
experiment  is  estimated  to  be  between  IO^and  102O/cm3  due 
to  ray  tracing  effects:  large-angle  refraction  of  the  laser  beam 
by  higher-density  plasmas  reduces  the  light  intensity  enter¬ 
ing  the  optical  system  and  the  exposure  level  on  the  film. 

Unfolding  the  detailed  radial-density  profile  is  not  pos¬ 
sible  with  this  technique.  Figure  7lai  shows  the  diode  area 
with  laser  viewing  slots  machined  out  of  the  anode:  the 
shaded  area  is  the  laser-beam  cross  section,  and  the  clear 
holes  are  the  observable  regions  of  the  diode.  Figure  71b) 
shows  a  reconstructed  interferometric  hologram.  It  is  im¬ 
portant  to  note  that  the  view  through  a  hole-pair  is  a  chord 
across  a  disk  system  which  may  not  be  axially  symmetric:  a 
thin  plasma  ripple  in  an  orientation  other  than  the  laser  axis 
will  appear  to  be  large-area  plasma  motion.  Further,  anode 
plasma  which  crosses  the  visual  anode-cathode  gap  inside 
the  cathode  inner  radius  does  not  necessarily  contact  the 
cathode  plasma  lifting  off  the  hollow  emission  ring.  Despite 
these  limitations,  the  system  presents  new  information  about 
the  plasma  surface  evolution  which  is  important  for  the  de¬ 
sign  of  high-focus-quality  diodes.23 

IV.  EXPERIMENTAL  RESULTS 

A  variety  of  technological  areas  were  addressed  in  two 
experimental  sessions.  The  first  session  extended  scaling  of 
the  pinch-refie.x  ion  diode  to  the  higher  power  and  longer 
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FIG.  *  lai  Ion-diode  laser  diagnostic  detail,  bi  Reconstructed  holographic 
interferogram. 


pulselength  of  the  PITHON  generator.  Both  planar-  and 
spherical-section  anode  foils  were  tested.  The  second  session 
utilized  modified  accelerator-impedance  and  vacuum-teed 
hardware.  Emphasis  was  placed  on  determining  the  evolu¬ 
tion  of  electrode  plasmas  in  the  diode,  the  scaling  of  diode 
parameters  with  cathode  radius,  and  the  consequences  of 
diode  modifications. 

A.  Planar  diode  experiments 

The  important  scaling  parameters  studied  in  these  ex¬ 
periments  were  ion  efficiency,  ion  turn-on  time,  and  diode- 
impedance  lifetime.  PITHON  is  similar  to  the  NRL  Gamble 
II  generator  in  impedance  1.0  versus  1.5  ft  i  and  voltage 
nsenme.  These  similarities  sugggest  that  the  behavior  of 
pinch-reflex  diodes  would  be  similar  on  these  generators. 


Detailed  comparisons  between  equivalent  power  PITHON 
and  Gamble  II  shots  confirmed  these  similarities.  The  scal¬ 
ing  variables  are  the  70%  larger  and  30%  longer  FWHM 
power  pulses  available  on  PITHON.  Theoretical  calcula¬ 
tions5  based  on  the  generator  open-circuit-voltage  wave¬ 
forms  predicted  a  doubling  of  the  Gamble  II  ion  currents  to 
about  1.0  MA  for  a  pinch-reflex  diode  on  PITHON. 

A  typical  set  of  waveforms  from  the  first  experimental 
session  (Shot  16621  is  shown  in  Fig.  8.  Peak  values  of  the 
injected  voltage  ( Vr)  and  current  (70)  measured  at  the  water- 
vacuum  interface  (see  Fig.  1 1  are  2. 1  MV  and  2.0  MA,  respec¬ 
tively,  at  a  mean  impedance  of  1.2  ft.  These  signals  indicate 
that  a  4-TW  power  pulse  of  88-ns  FWHM  containing  340  kJ 
was  injected  into  the  vacuum-feed  structure.  The  injected 
voltage  is  reduced  by  the  inductive  drop  in  the  vacuum  feed 
to  give  the  voltage  impressed  on  the  diode  I VD ).  Current  loss 
in  the  vacuum  feed  is  indicated  by  the  difference  between  the 
interface  (/0)  and  diode  [I D )  current  waveforms.  The  total 
electron  current  in  the  system  (I E )  is  defined  as  the  difference 
between  the  interface  |/0)  and  ion  ( 7lon )  currents.  With  the 
losses  in  the  vacuum  feed,  2.7  TW  and  230  kJ  were  coupled 
into  the  diode  on  this  shot.  The  ion-beam  current  entering 
the  100-cm2  hollow  cathode  (0.9  MA  at  1.7  MV)  begins  22- 
26  ns  after  the  diode  current,  a  delay  characteristic  of  these 
PITHON  experiments.  This  delay  is  associated  with  the  es¬ 
tablishment  of  the  electron-pinch  flow,  the  formation  of  the 
anode  plasma,  and  the  ion  flight  time  in  the  vacuum  region. 
The  resulting  peak  ion  power  and  energy  are  1.6  TW  and  125 
kJ,  respectively.  These  data  correspond  to  a  source-area- 
averaged  ion  current  density  of  9  kA/cm2  at  peak  power, 
which  is  in  agreement  with  numerical  predictions. 

The  diode-impedance  lifetime  is  an  important  consider- 
tion  in  scaling  the  ion  diode  toward  an  eventual  ICF  applica¬ 
tion.  The  velocity  bunching  desired  for  power  multiplication 
requires  carefully  programmed  voltage  and  impedance  his¬ 
tories.  The  diode  impedance  shown  in  Fig.  8  reaches  a  pla¬ 
teau  near  1.1  ft  for  40  ns  then  slowly  falls  until  the  end  of  the 
applied  pulse.  Accurate  impedance  control  was  provided  by 
careful  anode-cathode  gap  adjustment,  with  shot-to-shot 
variations  of  0.2  ft  obtained  throughout  the  experimental 
sessions. 

The  delay  of  22-26  ns  between  the  start  of  the  ion  cur¬ 
rent  and  the  total  diode  current  may  be  due  to  (a)  the  time 
required  for  the  annular  electron  beam  to  sweep  inward  on 
the  anode  surface24  25  to  the  central  button.  ib|  inherent  delay 
in  surface  flashover26  of  the  anode  plastic  and  corresponding 
delay  in  formation  of  the  anode  plasma,  and  ic;  a  small  delay 
due  to  ion  time-of-flight  from  the  anode  to  the  Rogowski  coil 
I 7ion ).  Experimentally,  this  delay  time  did  not  change  dis- 
cemibly  when  the  cathode  area  was  decreased  from  1 00  to  30 
cm2.  This  indicates  that  time  delay  lai  is  not  a  major  contrib¬ 
utor  to  the  observed  delay.  Since  time  delay  ic)  only  amounts 
to  1-2  ns.  it  is  likely  that  the  observ  ed  delay  is  due  primarily 
to  a  delay  in  surface  fiashover  which  should  be  independent 
of  anode  size  within  the  shot-to-shct  uncertainty  of  the  ob¬ 
served  delay. 

The  radiation  diagnostics  provide  corroboration  of  the 
relative  timing  and  waveshapes  of  the  diode  voltage,  injected 
current,  and  ion  current.  The  x-ray  photodiode  signal !  PDXl 
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FIG  3.  Measured 
waveforms  for  Shot 
1662  at  4  TW. 


for  Shot  1 662  is  compared  in  Fig.  3  with  a  calculated  wave¬ 
form  [Xs).  The  theoretical  scaling’7  for  .x-ray  production 
from  electron  beams  is  given  by  XE  =IE  I  VD)2'S,  which  is  a 
sensitive  measure  of  voltage  waveshape.  The  calculated 
waveform  was  normalized  in  magnitude  and  shifted  in  time 
for  the  comparison,  and  the  shapes  of  the  two  signals  agree 
reasonably  well.  This  agreement  provides  an  independent 
check  on  how  well  the  measured  voltage  and  electron  cur¬ 
rent  pulse  shapes  represent  the  actual  wave  shapes  at  the 
diode.  Similarly,  the  agreement  between  the  measured  and 
calculated  prompt-;/  nuclear  radiation  signals,  shown  in  Fig. 
4.  indicates  that  the  diode  voit2.se  and  ion  current  pulse 
shapes  are  correctly  timed  and  reasonably  shaped. 


The  ratio  of  the  ion  current  to  the  diode  current  pro¬ 
vides  a  measure  of  the  pinch-reflex-diode  efficiency  for  ion 
production.  At  maximum  power, the  efficiency  on  Shot  1 562 
is  60%  for  an  ion  current  of  900  kA. 

Bremsstrahlung  diagnostics  were  used  to  study  the 
symmetry  of  power  flow  and  current  loss  in  the  vacuum-feed 
and  diode  regions.  Measurements  for  two  different  classes  of 
shots  are  compared  in  Fig.  9.  A  well-centered  electron  pinch 
with  strong  bremsstrahlung  from  only  the  central  2  cm  of  the 
12-cm-diam  anode  is  observed  in  the  x-ray  pinhole  photo¬ 
graph  in  Fig.  9|a|.  For  this  shot,  the  x-ray  photodiode  signal 
(PDX)  is  elevated  for  the  entire  diode  pulse  duration,  and  the 
energy  at  the  vacuum  interface \ET)  shows  good  coupling  of 


(A)  G000  quality  pinch 
SHOT  1867 

I  cm 


X-RAY  PINHOLE 

(B)  POOR  PINCH 
SHOT  1874 


X  RAY  PINHOLE 


TIME  ( ns)  TiME'nsi 


FIG.  9  Comparison  of  x-ray  pin¬ 
hole  images,  x-ray  photodiode 
traces,  and  total  energy  at  ’.he 
vacuum  interface  for  shots  with 
iai  a  good  quality  pinch  and  bi  3 
poor  pinch. 
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the  injected  power  to  the  diode.  A  second  class  of  shots  is 
shown  in  Fig.  9|b>,  where  the  power  flow  is  asymmetric  and 
the  electron  pinch  is  not  well  centered.  The  x-ray  pinhole 
camera  shows  images  extending  onto  the  aluminum  backing 
plate,  and  bremsstrahlung  from  the  coax  feed  at  9-cm  radius 
is  also  seen.  More  intense  bremsstrahlung  emission  from  alu¬ 
minum  and  stainless  steel,  compared  to  carbon,  allows  elec¬ 
tron  losses  in  the  vacuum  feed  at  lower  current  density  to  be 
of  comparable  intensity  to  the  intense  central  pinch  on  car¬ 
bon.  On  this  shot,  the  PDX  trace  is  smaller  in  amplitude  and 
narrower  in  pulsewtdth,  indicating  a  reduction  in  diode  vol¬ 
tage  and  a  short  pulse  duration.  Also,  a  significant  fraction  of 
the  injected  energy  is  reflected  from  the  lead.  Visual  damage 
to  the  feed  hardware  was  consistent  with  the  origins  of  x  rays 
indicated  in  Fig.  9  on  these  two  shots. 

The  shadow-box  diagnostic  was  usee  to  determine  the 
time-averaged  location  and  size  of  the  focus  as  indicated  pre¬ 
viously  in  Fig.  3.  A  calculation1 1  of  the  location  of  best  focus 
based  on  magnetic  bending  in  the  diode  zap  at  peak  pow-er 
predicted  best  focus  at  about  1 8  cm  from  :he  anode  foil  for 
the  voltage  and  current  values  of  a  typical  3-TW  shot.  The 
ballistic  reconstruction  shown  in  Fig.  3  zb  es  a  best  focus  at 
20  cm,  in  good  agreement  with  this  prediction.  This  agree¬ 
ment  substantiates  the  orbital  model  of  f.-cusing.  Witness 
plate  targets  placed  at  this  location  showed  centered  front 
surface  damage  and  backspalls  about  1  cm  in  diameter  'see 
Fig.  10). 

B.  Focusing  diode  experiments 

Experiments  to  investigate  geometric  focusing  of  high- 
power  ion  beams  from  pinch-reflex  ion  diodes*  were  ex¬ 
tended  to  higher  power  in  these  experiments  on  PITHON.  It 
is  important  to  note  that  the  voltage,  current,  and  impedance 
characteristics  of  the  focusing  diodes  are  essentially  the  same 
as  those  of  the  planar  diodes.  Ions  are  launched  from  a 
spherical  section  anode  with  a  12.7-cm  radius  of  curvature 
and  are  then  deflected  by  self  B  fields  in  traversing  the  anode- 
cathode  gap.  Upon  exiting  the  cathode  foil,  they  drift  bailis- 
tically  in  the  1-Torr  gas  to  a  focus  at  about  3  cm  from  the 
anode  foil,  w  ell  inside  the  geometric  focus  at  the  center  of  the 
sphere.  Tne  shadow-box  analysis  for  a  focusing  diode  (see 
Fig.  1 1)  indicates  that  the  focus  is  confined  within  a  3-cm- 
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FIG  10.  Witness  plate  damage  on  Shot  1663  fora6.4-mm-thick  aluminum 
6O6I-T61  plate  located  at  the  approximate  proton  sell-focus  of  a  planar 
pinch-reflex  diode. 
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FIG.  II.  Shadowbox  geometry  for  a  focusing  pinch-reflex  diode  and  recon¬ 
struction  of  ion  trajectories  for  Shot  1633. 


diam  circle,  corresponding  to  an  areal  beam  reduction  from 
the  anode  source  of  a  factor  of  14.  An  estimate  of  the  focused 
current.density  can  be  made  by  assuming  that  the  total  mea¬ 
sured  ion  current  is  uniformly  distributed  over  this  circle  of 
least  confusion.  This  yields  an  ion  current  density  of  1 50  kA/ 
enr  over  the  7 -cm-  spot,  while  peak-focused  current  densi¬ 
ties  could  be  substantially  larger.  Witness-plate  targets  of 
6.4-mm-thick  aluminum  16O6I-T61  located  at  the  focus  exhi¬ 
bit  multiple-layered  backspalls.  This  behavior  is  expected  for 
the  high  current  densities  found  in  these  focusing  geometry 
shots. 

C.  Results  from  neutron  measurements 

For  both  the  planar  and  focusing  diode  experiments, 
the  measured  neutron  yields  are  about  1/3  of  yields  calculat¬ 
ed  using  the  measured  ion  current  and  diode  voltage  correct- 
id  for  energy  loss  in  the  Kimfol.  For  the  planar-diode  geom¬ 
etry.  the  calculated  yields  are  based  on  the  combined 
thick-target  yields  for  the  DlJ./rrHe  and  i:C(<i,rt|uN  reac¬ 
tions  at  1 75°  as  shown  in  Fig.  5.  For  the  focusing  diode  geom¬ 
etry.  a  broad  range  of  neutron-emission  angles  1140-180’) 
exists  due  to  the  angular  spread  of  the  deuterons  incident  on 
the  CD:  target.  In  this  case,  the  calculated  yield  is  based  on 
thick-target  yields  at  different  angles  weighted  by  a  radial 
ion-current-density  profile  on  the  anode  l /,  -  1  /r)  deter¬ 
mined  from  numerical  simulations. 14  The  difference 
between  the  measured  and  calculated  neutron  yields  may  be 
attributed  to  several  factors:  !  1)  The  measured  ion  current 
may  include  significant  proton  or  carbon-ion  components 
which  contribute  little  to  the  neutron  output;  (2)  ion  energy 
losses,  w  hich  may  occur  in  the  region  between  the  anode  and 
the  CD;  target/*  have  not  been  taken  into  account  in  the 
neutron-yield  calculations;  and  >  3l  enhanced  deuteron  stop- 
ping;<)  in  the  hot  dense  plasma  target  leads  to  a  reduced  neu¬ 
tron  output.  A  quantitative  assessment  of  the  importance  of 
these  factors  in  the  present  experiments  is  in  progress. 
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The  largest  neutron  yield  at  175*  was  obtained  with  the 
planar-diode  geometry  because  th ed-d  neutron  yield1’  peaks 
at  180°.  For  this  diode,  neutron  yields  of  up  to  4.5  X  10"/sr 
were  measured.  At  the  diode  voltage  ofl  .7  Me  V  correspond¬ 
ing  to  this  yield,  approximately  50<%  of  these  neutrons  are 
from  the  Did./ii  reaction  >see  Fig.  5).  The  corresponding  total 
neutron  yield  into  4rsr.  corrected  for  the  anisotropy  of  neu¬ 
tron  emission,  is  3.7 x  10i:  with  509c  from  the  Di d,n)  reac¬ 
tion. 

Time-integrated  neutron  yields  were  used  with  the  fo¬ 
cusing  diode  geometry  to  determine  the  deuteron  current 
density  at  focus  by  comparing  neutron  yields  from  different 
area  CD-  targets.  For  this  purpose,  the  measured  neutron 
output  was  scaled  to  the  current  measured  by  the  ion  Ro- 
gowski  coil.  The  fraction  of  deuterons  incident  on  targets  as 
small  as  0.75  cm:  was  determined  by  comparing  that  neu¬ 
tron  yield  with  the  yield  measured  on  t00-cm:-area  targets. 
On  the  0.75-cm:-area  target,  the  neutron  yield  was  still 
about  5096  greater  than  that  observed  without  any  CD:  tar¬ 
get.  To  correct  for  variations  in  neutron  output  in  these  mea¬ 
surements  due  to  shot-to-shot  variations  in  voltage  and  cur¬ 
rent,  the  measured  yields  were  scaled  to  yields  calculated 
from  the  measured  diode  voltages  and  ion  currents.  A  deu¬ 
teron  current  density  of  1 50  kA/cm:  at  peak  ion  voltage  was 
determined  from  these  measurements.  If  the  ion  current  is 
only  1/2  to  1/3  deuterons,  as  suggested  by  comparisons 
between  measured  and  calculated  neutron  yields,  then  the 
total  ion  current  density  may  be  2  to  3  times  larger  than  this 
value. 

D.  Power  flow  studies 

Power  dissipation  between  the  PITHON  vacuum  inter¬ 
face  and  the  pinch-reflex  diode  occurred  in  the  magnetically 
insulated  biconic  line,  where  some  electrons  flow  across  the 
feed  to  the  anode  at  large  radius  before  entering  the  diode.  To 
inhibit  electron  leakage,  the  vacuum  biconic  and  coax  sec¬ 
tions  were  designed  with  a  characteristic  impedance,  gradu¬ 
ally  decreasing  to  a  value  several  times  larger  than  the  ion- 
diode  impedance.  A  parapotential  iBrillouml  flow  analysis30 
predicted  that  the  entire  electromagnetic-wave  energy 
would  be  transported  as  conduction  current  in  the  electrodes 
without  vacuum  electron  flow.  This  analysis,  which  was 
consistent  with  earlier  pinched-electron-beam  experi¬ 
ments,33  was  found  to  be  inadequate  for  larger  inductance 
and  higher  initial-impedance  electron-diode  experiments31 
and  these  ion-diode  experiments. 

The  character  of  the  current  loss  is  seen  in  Fig.  8.  The 
injected  current  j/0j  typically  separates  from  the  diode  cur¬ 
rent  l/0 )  when  the  voltage  on  the  feed  exceeds  the  field-emis¬ 
sion  threshold.  A  number  of  polishing,  cleaning,  and  coating 
techniques  were  tried  with  little  improvement  in  the  power 
flow  to  the  diode.  The  fraction  of  current  coupled  into  the 
diode  decreased  as  the  coax  section  was  lengthened  to  allow 
access  for  laser  diagnostics. 

In  experiments  with  the  lengthened  coaxial  feed,  the 
injected  and  coupled  currents  separate  immediately  as 
shown  in  Fig.  1 2:3).  Several  vacuum  feed  modifications  were 
studied  to  improve  power  flow  to  the  diode  with  this  coaxial 
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FIG.  12.  Comparison  of  the  injected  current  and  diode  current  lai  on  a  shot 
without  the  bump  i  No.  1859)  and  ibi  ashot  with  thebumpiN'o.  I860).  With¬ 
out  the  bump,  the  current  loss  in  the  vacuum  feed  is  larger. 

feed.  These  include  a  “bump”  behind  the  anode  foil,  a 
smooth  conductive  covering  of  the  radial-line  anode  discon¬ 
tinuities,  a  smooth  shorting  of  the  diode  current  monitor, 
and  an  extension  to  enhance  the  cathode  tip.  The  “bump”  is 
a  grounded  aluminum  annulus  typically  1-cm  wide  mounted 
behind  the  plastic  anode  foil  on  the  backing  plate  opposite 
the  cathode  tip  (see  Fig.  2).  Its  purpose  is  to  lower  the  early- 
time  pinched-electron-beam  diode  impedance  (before  the  an¬ 
ode  foil  becomes  conducting)  and  trap  the  vacuum  flow  of 
electrons  emitted  in  the  feed.  A  sequence  of  shots  taken  with¬ 
out  the  bump,  ranging  from  2  to  3.5  TW,  all  showed  an  early- 
time  current  loss  between  injected  J0)  and  diode  \Ia )  current 
monitors  [see  Fig.  121a)].  Shots  with  a  smoothly  curved  cath¬ 
ode,  as  in  Fig.  7,  produced  poor  pinches  without  the  bump. 
Shots  taken  with  a  bump  did  not  show  the  early-time  current 
loss  [see  Fig.  12(b)].  All  low-power  (<4  TW)  shots  taken 
with  the  large-area  (100  cm:)  cathode  and  the  bump  pro¬ 
duced  excellent  pinches. 

At  the  4.5-TW  level,  the  bump  was  not  sufficient  to 
ensure  good  electron  pinching.  Smoothly  covering  the  anode 
discontinuities  in  the  radial  and  coax  feeds  ibypassmg  ID ) 
produced  better  pinches  and  larger  PDX  signals  of  longer 
duration.  No  shots  without  this  modification  produced  good 
pinches  at  highe;  power,  while  SO  %  of  the  shots  with  the 
anode  discontinuities  covered  were  of  high  quality. 

Comparisons  were  made  between  a  cathode  shank 
which  changed  abruptly  from  the  coax  vacuum  feed  to  an 
extended  enhanced  cathode  tip  and  a  smoothly  tapered  non- 
enhanced  cathode.  Early-time  current  losses  were  observed 
with  the  enhanced  rp.  but  deviations  between  injected  and 
coupled  currents  were  less  than  with  the  layered  cathode. 
One  shot  was  performed  at  5-TW  matched-load  power  to 
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evaluate  the  effect  of  cathode-tip  enhancement  on  power 
flow:  A  1-cm-long,  5-mra-wide  enhanced  lip  was  welded  to 
the  hollow  tapered  cathode,  a  standard  bump  was  employed, 
and  the  diode-current  monitor  was  engaged.  Power  less  in 
the  vacuum  feed  was  observ  ed,  but  the  pinch  was  quite  good, 
indicating  that  this  configuration  compensates  at  least  in 
part  for  the  anode-discontinuity  eifect  at  high  power. 

Observations  from  this  study  indicate  that  the  geomet¬ 
ric  transition  from  radial  to  coax  feed  is  more  important  to 
good  power  flow  than  a  variation  of  the  characteristic  im¬ 
pedance.  Further,  the  electrode  surfaces  are  not  important, 
but  a  well-designed  cathode-emission  tip  and  a  small  diode 
impedance  early  in  the  pulse  are  essential  for  good  power 
coupling  from  the  generator  to  the  diode. 

E.  Small-area  diodes 

A  modification  to  the  diode  design  was  tested  to  evalu¬ 
ate  the  performance  of  smaller-radius  diodes  with  larger  ion- 
current  source  densities.  The  hollow-tapered  cathode, 
shown  in  Fig.  1,  was  reconfigured  with  a  reduced  radius. 
Shots  were  taken  with  30-cm:  areas  and  compared  to  shots 
with  100  cm:.  reported  above. 

Several  small-area  cathode  shots  were  taken  at  anode- 
cathode  gaps  of  2.6  to  5.6  mm.  Shots  with  small  anode-cath¬ 
ode  gaps  shorted  early  in  the  pulse,  while  the  power  was 
dissipated  in  the  lower-impedance  vacuum  feed  for  shots 
with  iarger  gaps.  An  intermediate  gap  of  3.5  mm  gave  effi¬ 
cient  coupling  of  the  injected  energy  into  the  diode.  In  this 
case,  the  diode-impedance  history'  was  1.4/2  for  50  ns  before 
collapsing  isee  Fig.  131.  The  ion  current  density  averaged 
over  the  source  area  was  20  kA/cnr  at  peak  power.  The 
onset  time  of  the  ion  current  for  this  small-area  diode  was 
slightly  earlier  than  for  the  large-area  diode  as  indicated  in 
Sec.  IV A. 
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FIG.  !3  Measured  waveforms  for  a  j-'T*’.  3G-cm:-area  pinch-rede.x  diode 
shot 'No.  1384». 
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FIG.  14.  Timing  of  the  laser-interferometer  exposures  relative  to  the  power 
pulse  on  four  different  pinch-reflex  diode  shots.  The  vertical  lines  labeled  A. 
B.  C,  and  D  indicate  the  times  at  which  the  exposures  are  recorded  on  each 
shot. 


F.  Interferometric  holography 

Plasma  evolution  in  the  pinch-reflex  diode  was  investi¬ 
gated  with  the  interferometric-holography  system.  Expo¬ 
sures  were  made  through  slots  cut  in  the  current-return 
housing  of  the  anode  [Fig.  7fai]  to  allow  a  side  view  of  the 
cathode  and  anode.  The  left  side  of  each  rectangular  slot  is 
defined  by  the  cathode  tip  and  the  right  side  by  the  anode 
foil. 

Four-frame  holographic  measurements  were  made  on 
the  IOO-cm:  diode  on  four  shots  to  observe  plasma  motion  in 
the  anode-cathode  gap  throughout  the  power  pulse.  The  tim¬ 
ing  of  the  laser-pulse  exposures  on  these  shots  is  shown  in 
Fig.  14.  A  tracing  of  each  of  the  16  holograms  obtained  on 
these  shots  shows  the  contour  corresponding  to  a  line  den¬ 
sity  of  3.2  X  lO'Vcm3,  or  one  fringe  shift.  These  tracings  are 
shown  in  Fig.  15.  The  accuracy  of  the  contour  location  is 
estimated  to  be  —  0.5  mm  of  the  3.5-mm  anode-cathode 
gap.  Contours  for  larger  fringe  shifts  were  difficult  to  obtain 
in  most  cases  due  to  large  density  gradients  behind  the  plas¬ 
ma  front. 

The  single-fringe-shift  reconstructions  in  Fig.  15  dem¬ 
onstrate  that  the  plasma  fronts  expanding  from  the  anode 
foil  and  cathode  tip  are  fairly  uniform  with  gentle  surface 
fluctuations  and  are  not.  in  general,  cylindrically  symmetric. 
The  absence  of  sharp  plasma  protrusions  is  encouraging,  al¬ 
though  a  smoother  and  more  symmetric  plasma  surface  is 
required  to  produce  high-focus-quality  ion  beams.  The  im¬ 
portant  points  to  notice  are  that  the  plasmas  expand  from  the 
boundary  surfaces  as  the  power  pulse  approaches  its  peak, 
that  they  are  uniform  and  approach  one  another  with  veloc¬ 
ities  which  increase  in  time,  and  that  the  anode  velocity  on 
the  axis  of  symmetry  appears  greater  than  at  larger  radii. 
The  observation  of  an  axial  plasma  plume  from  the  anode 
can  be  explained  by  a  time-dependent  calculation  of  magnet¬ 
ic-field  penetration  into  the  resistive  anode  plasma.  This  cal¬ 
culation33  predicts  a  buildup  of  magnetic  pressure  behind 
the  plasma  front  preferentially  toward  the  axis,  driving  a 
central  plume  toward  the  cathode. 

The  contours  for  Shot  1S85  [Fig.  15'diJ  show  the  elec¬ 
trode  plasma  behavior  during  power  collapse.  A  dramatic 
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FIG.  15.  Single-fringe -shirt  recon¬ 
structions  corresponding  to  the  ho¬ 
lograms  measured  on  rat  Shot  1373. 
:bi  Shot  1875,  (c,  Shot  1878,  and  id) 
Shot  1885.  The  shaded  regions  indi¬ 
cate  plasma  line  densities  greater 
than  3.2  x  IOl"/enr. 


change  was  observed  between  the  first  (A)  and  second  iB) 
frames,  both  of  which  were  taken  near  peak  power.  The  plas¬ 
ma  closure  velocity  is  measured  to  be  27  cm/us  on  axis.  Off 
axis  at  a  radius  of  3  cm,  the  velocity  is  7  cm//rs  between 
frames  A  and  B  and  10  cm/us  between  frames  B  and  C.  The 
line  density  at  a  fixed  position  off  axis  is  seen  to  decrease  in 
the  last  frame  (D).  allowing  light  to  again  pass  through  hoies 
that  were  formerly  opaque.  This  phenomenon  may  be  due  to 
compression  of  the  anode  plasma  by  magnetic  pressure  as 
the  diode  current  grows  and  the  plasma  density  decreases. 
Alternatively,  the  anode  and  cathode  plasmas  may  never 
have  met  in  the  earlier  frames,  and  the  opacity  observed  may 
have  been  caused  by  surface  fluctuations  or  nppies  that 
blocked  the  laser  line-of-sight. 

The  plausibility  of  the  magnetic-pressure  mechanism 
can  be  determined  by  calculating  the  time  required  for  the 
plasma  pressure  to  be  overcome  by  the  rising  magnetic  pres¬ 
sure  in  the  diode  gap.  Energy  is  deposited  in  the  anode  plas¬ 
ma  continuously  throughout  the  pulse  by  electron  deposi¬ 
tion  and  Ohmic  heating,  thereby  increasing  the  particie 
kinetic  energy.  Early  in  the  pulse,  the  current  ;and  hence 
magnetic  field)  is  low  so  that  nkT>Bz/Zu.  As  the  current 
increases,  the  magnetic  pressure  increases  relative  to  the 
thermal  pressure.  Approximate  parameters  for  the  diode  at 
the  time  of  the  last  frame  D.  are:  2  MA  flowing  within  a  3- 
cm  radius,  a  plasma  density  of  about  101  Vcrrr  of  CH,  com¬ 
ponents,  and  a  temperature  of  5  eV.  The  magnetic  pressure 
for  these  values  is  67  MPa  while  the  thermal  pressure  is  oniy 
0.75  MPa.  so  that  late  in  time  the  electrode  plasmas  may  be 
compressed  by  the  magnetic  field.  These  figures  yield  an  ac¬ 
celeration  of  120  cm/'/as:  and  a  time  of  16  ns  for  the  anode 
and  cathode  plasmas  to  each  move  1.5  mm.  This  value  is 
comparable  to  the  observed  plasma  motion  across  the  diode. 


V.  SUMMARY  OF  RESULTS 

In  this  paper,  we  have  presented  recent  technological 
advances  in  the  development  of  intense  pulsed  ion  beams. 
The  pinch-reflex  diode  has  been  successfully  scaled  up  to 
multiterawatt  operation  on  the  PITHON  accelerator.  In¬ 
tense  proton  and  deuteron  beams  have  been  produced  in 
both  planar  and  spherically  focusing  geometries  with  1.0 
MA  of  1.8-MeV  protons  measured  for  a  peak  power  of  1.3 
TW)  yielding  a  130-kJ  light  ion  beam  in  100  ns. 

Focusing  of  these  ion  beams  by  electrode  shaping  and 
by  seif-magnetic  field  deflection  has  been  shown  to  follow 
simple  theoretical  modeling  with  several  corroborating  diag¬ 
nostics.  Spherical-electrode  shaping  served  to  compress  the 
ion  beam  from  an  1 1-cm-diam  anode  surface  to  a  3-cm-diam 
focus  located  inside  the  geometric  focus  by  an  amount  con¬ 
sistent  with  magnetic  bending  in  the  diode  gap.  Tests  of 
small-area  diodes  at  lower  power  i  <  4  TW.  demonstrate  that 
impedance  lifetime  will  not  limit  the  total  energy  from  the 
diode  at  a  factor-of-3  higher  source-current  density. 
Further,  these  results  suggest  that  a  smaller-area  pinch-re¬ 
flex  diode  of  higher  power  density  may  be  suitable  for  injec¬ 
tion  into  a  piasma  transport  channel. 

The  most  serious  problem  encountered  tn  these  experi¬ 
ments  was  independent  of  the  pinch-reflex  diode  but  con¬ 
cerned  the  coupling  of  power  from  the  accelerator  interface 
through  the  vacuum-feed  structure  to  the  diode.  These  losses 
were  found  to  be  geometric,  that  is.  independent  of  electrode 
surface,  and  occurred  principally  between  the  biconic-to- 
coax  transition  and  the  diode.  Reducing  the  early-time  diode 
impedance,  smoothing  the  vacuum  feed  of  resonant  grooves, 
and  enhancing  the  cathode-emission  tip  all  served  to  in¬ 
crease  the  power  flow  to  the  diode. 
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Beam  diagnostics  were  developed  to  survive  the  harsh 
bremsstrahlung  and  impulse  environment  of  a  3-TW  pinch- 
reflex  diode.  Measurements  of  nuclear-reaction  products 
provided  total  ion  yields  and  pulse-shape  evaluations.  Total- 
beam  Rogowski-coil  monitors  were  developed  and  per¬ 
formed  through  the  time  of  peak  power.  The  shadowbox 
technique  provided  the  location  and  size  of  the  beam  focus. 

A  first  study  of  the  spatial  evolution  of  the  anode  and 
cathode  plasmas  was  performed  on  a  number  of  shots  span¬ 
ning  the  power  pulse  for  a  ?-TW  pinch-reflex  diode.  The 
plasmas  are  observed  to  expand  from  the  electrodes  before 
peak  power  in  uniform,  though  nonsymmetric,  profiles  and 
accelerate  toward  one  another.  After  peak  power,  anode- 
plasma  surface  fluctuations  and  increased  velocities  up  to  30 
cm//rs  in  axial  anode  plumes  were  observed.  During  the 
power-pulse  collapse,  a  high -density  In,  >  10l8/cm3)  plasma 
bridges  the  anode-cathode  gap  over  the  central  7.5-cm  diam¬ 
eter  of  a  12-cm-diam  diode.  On  some  shots,  this  high-density 
plasma  is  observed  to  be  compressed  late  in  the  pulse,  sug¬ 
gesting  magnetic  confinement.  Knowledge  of  the  shapes  of 
the  anode  and  cathode  plasmas  at  peak  power  suggests  that 
further  research  into  the  formation  of  more  uniform  plasmas 
is  necessary  to  develop  more  highly  focused  ion  diodes.  The 
measured  evolution  of  the  shapes  of  the  anode  and  cathode 
plasmas  is  the  information  required  to  design  a  first-iteration 
modification  to  the  simple  spherically  focusing  anode. 
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Abstract 


electron  current  flow  drawn  off  a  hollow  cylindrical 
cathode  in  a  pinch-reflex  ion  diode  is  observed  to  have  a 
filamentary  structure.  Such  f ilamentation  can  lead  to 
nonuniform  anode  turn-on  and  ion  emission.  Conseauently ,  ion 
bean  brightness  is  degraded.  In  this  context  a  purely 
grovir.z  thermal-resistive  instability  in  the  cathode  plasma 
is  examined.  The  instability  causes  current  filanentation 
and  grows  on  a  time  scale  comparable  to  the  electron-ion 
energy  ecuilibration  time.  Electron  inelastic  collisions 


have  a  stabilizing  influence  on  the  instability. 


2 


I .  Introduction 

In  the  past  few  years  there  has  been  a  great  deal  of  interest  in 

using  1 ight-ioni for  an  inertial  confinement  fusion  scheme  (ICF).^ 

Intense  ion  beams  in  the  parameter  regime  required  for  a  nodular  light- 

ion  ICF  device  have  been  generated  using  the  pinch  reflex  diode  (PRD)  at 

the  Naval  Research  Laboratory.  The  number  of  nodules  an  such  a  system 

can  be  reduced  to  less  than  ten  if  beans  with  high  brightness  can  be 

extracted  from  such  diodes.^  3eam  brightness  is  most  conveniently 

.2 

defined  as  J,  /  id"-  where  Ju  is  the  ion  beam  current  density  and  59  is  the 
o  0 

angular  divergence  of  the  beam.  Experimentally  it  has  been  observed  that 
the  ion  bean  is  composed  of  many  beamlets  (typically  10-20)  and  that  this 
f ilanentation  is  related  to  ion  beam  brightness  degradation.4  It  has 
also  been  observed  that  the  electron  current  flow  drawn  off  the  hollow 
cathode  in  the  PRD  is  filamented.  This  electron  beam  f ilamentation  can 
lead  to  nonuniform  anode  turn-on  and/or  emission  possibly  causing  the 
filamentary  ion  beam  structure.  Electromagnetic  field  fluctuations  due 
to  the  electron  beam  filaments  will  also  enhance  the  angular  divergence 
of  the  ion  beam  and  hence  decrease  beam  brightness.  In  addition, 
electron  beam  filamentation  is  suspected  to  play  an  important  role  in 
premature  gap  closure  and  subsequent  impedance  collapse  in  the  PRD.  In 
this  paper  the  stability  of  current  flow  in  the  cathode  plasma  to  a 
transverse  temperature  perturbation  is  examined  and  its  relevance  to 
observed  current  filamentation  is  discussed. 

In  order  to  understand  this  mechanism,  the  make-up  of  the  cathode 
plasma  must  be  understood.  The  cathode  is  usually  sprayed  with  Aerodag 
(Acheson  Colloids  Co.)  which  produces  a  thin  layer  of  micron  size 


graphite  particles  on  the  cathode  surface.  When  the  voltage  is  applied, 
protrusions  from  this  layer  cause  local  field  enhancement  and  large 
currents  are  drawn  out  of  the  protrusions  by  field  emission.'’  These 
protrusions  and  the  surrounding  surface  through  which  the  current  i3  fed 
into  the  protrusions  are  ohraically  heated  and  are  quickly  vaporized  and 
subsequently  ionized.*’  Within  a  few  nanoseconds  a  carbon  plasma  fills  in 
over  the  cathode  surface  reaching  an  equilibrium  ion  density  typically  in 
the  10  -10  cm  range.  The  charge  state  of  the  plasma  will  increase 

in  time  and  will  depend  on  the  rising  plasma  temperature.  A.s  the 
electron  current  continues  to  be  drawn  off  the  cathode  plasma  surface, 
the  plasma  continues  to  be  heated  and  eventually  expands  into  the  diode 
gap.  Hera  tne  concern  is  with  the  stability  of  the  current  flow  in  this 
cathode  plasma. 

Perturbations  in  the  current  flowing  in  the  cathode  plasma  can  be 
unstable.  Because  the  plasma  resistivity  decreases  with  increasing 
temperature,  more  current  will  tend  to  flow  where  the  temperature  is 
higher.  In  turn,  the  higher  current  will  ohmically  heat  the  plasma  to 
even  higher  temperatures,  leading  to  a  thermal-resistive  instability. 

This  assumes  that  the  instability  grows  faster  than  the  thermal  conduc¬ 
tion  time  so  that  local  temperature  perturbations  can  be  maintained 
during  the  growth  of  the  mode.  It  also  assumes  that  the  electron  energy 
loss  due  to  inelastic  collisions  of  electrons  with  neutrals  is  less 
important  than  that  due  to  coulomb  collisons.  If  these  current  perturba¬ 
tions  grow  to  significant  levels  in  the  cathode  plasma,  j_  x  B  pinching  of 
the  plasma  can  cause  plasma  jetting  into  the  diode  gap.  Electron 
emission  from  these  locations  would  then  be  higher  because  of  the  smaller 
effective  diode  gap,  thus  resulting  in  filamented  electron  flow  in  the 
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diode  vacura  gap.  This  paper  will  only  deal  with  Che  linear  stability 
analysis  of  the  current  carrying  cathode  plasma.  The  details  of  the 
plasma  jetting  which  subsequently  develops  will  be  left  for  a  future 
paper. 

Because  of  the  high  particle  density  and  low  initial  temperature  of 

the  cathode  plasma,  the  plasma  is  highly  collisional.  In  this  case  the 

thermal-resistive  instability  mechanism  dominates  over  ocher  current 
.  .  > 

f llacentaCion  mechanisms  such  as  the  V  x  B  pinching  torces  which  drive 

Q 

the  f ilamentation  instability  in  a  cold  collisionless  plasma.  A  similar 

mechanism  for  driving  a  thermal  instability  in  a  laser  produced  plasma 

has  been  documented,  however,  it  is  dominated  in  most  laser  produced 

plasmas  by  another  magnetic  field-generating  thermal  instability  driven 

by  strong  density  and  temperature  gradients.*®  Such  an  instability 

exists  whenever  the  equilibrium  density  and  temperature  gradients  are 

parallel.  A  temperature  perturbation  perpendicular  to  the  density 

gradient  produces  a  perturbed  magnetic  field  which,  in  curn,  enhances  the 

temperature  perturbation  through  the  magnetic  field  dependence  of  the 

thermal  conductivity  tensor.  The  growth  rate  of  this  instability  scales 

like  the  electron  temperature  to  the  5/2  power,  so  that  a  high  electron 

temperature  is  required  for  fast  growth  (T  >1  keV  for  a  tvpical  laser 

e  ~ 

plasma) .  For  the  present  cathode  plasma  problem  the  electron  temperature 

is  initially  low  (T  ~  2  eV)  so  that  early  in  the  oulse  such  a  mechanism 

e 

is  unimportant.  Another  suggested  mechanism  for  f ilamentat ion  of  cathode 
plasmas,  involving  an  incompressible  HKD  fluid  tearing  instability,*® 
seems  unlikely  in  this  case  because  the  typical  growth  rate 
of  ~  lO^sec  *  derived  for  the  mode  is  too  slow. 

In  Sec.  II  of  this  paper  a  detailed  description  of  the  cathode 


plasma  equilibrium  state  will  be  presented.  The  linear  stability  of  this 
equilibrium  will  be  analyzed  in  Sec.  Ill  with  the  results  showing  that 
the  system  is  unstable  to  current  perturbations.  The  growth  rate  and 
typical  wavenumber  for  this  thermal-resistive  mode  will  be  derived  and 
compared  vich  typical  experimental  results.  Finally,  the  results  of  this 
work  and  the  conclusions  which  can  be  drawn  from  them  are  summarized  in 


Sec.  IV. 


The  plasma  formed  at  Che  tip  of  Che  cathode  in  a  pinch  reflex  diode 

is  like  a  chin  cylindrical  ring  with  an  initial  axial  chickness  of  less 

Chan  a  mil 1 imecer ,  a  width,  br  ,  of  a  few  millimeters  and  a  radius,  r  , 

o  ° 

of  3  cm.  After  a  few  nanoseconds  into  the  voltage  pulse  it  is  assumed 

that  this  plasma  has  uniformly  filled  in  over  the  cathode  surface  and 

that  the  plasma  has  an  ion  density  n  ~  IQ^-lO^cm  ^  and  an  electron 

o 

temoerature  T  -  1-10  eV.  A  uniform  axial  current  flows  through  the 
eo 

plasma  whose  value  is  assumed  to  be  £  0.5  HA.  The  uniform  current 

produces  a  self-magnetic  field  which  for  the  diode  parameters  specified 

gives  a  peak  value  of  3  g  30  KG  which  corresponds  to  an  electron 

cyclotron  frequency  of  *  5  *  lO^sec  Since  this  is  smaller  than 

the  electron-ion  collision  frequency,  v  ,  and  much  smaller  than  the 

o 

electron  plasma  freouency  ( u>  >>  v  >  a  ),  effects  of  this 

pe  pe  o  ce 

static  3g  field  will  .not  be  important  and  will  not  be  included  in  the 
analysis.  A  sheath  is  also  produced  at  the  boundary  of  the  plasma  where 
electrons  are  drawn  off  into  the  diode  vacuum  region.  These  electrons 
form  the  diode  electron  beam.  A  large  fraction  of  the  electrons  which 
enter  the  sheath,  however,  will  be  reflected  off  the  sheath  and  returned 
to  the  plasma.  Since  the  electron  mean  free  path  is  very  small  (a  few 
microns)  this  return  current  will  diffuse  before  penetrating  any  great 
distance  back  into  the  dense  cathode  plasma  and  hence  can  also  be 
ignored . 

.  .  •+■  * 

In  equilibrium  an  axial  electric  field  E  Hz,  is  oresent  with 

o 

velocity  v  (*  -J  /n  eZ),  which  is 
o  oo 


electrons  moving  at  an  average  drift 
related  to  ZQ  through  the  relation 


(1) 


v  =  -eE  /m  v  . 
o  o  e  o 

Here  -e  and  mg  are  Che  electronic  charge  and  mass  and 
"~6  2  3  /2 

v  =  2-9  x  10  Z  n  X  ./9  '  with  Zn.  being  the  electron  density.  X  .  che 
o  o  ei  eo  o  °  ;  ei 

Coulomb  logarithm  and  9  the  equilibrium  electron  temperature  in  eV . 

The  charge  state,  Z,  will  be  related  to  the  time  history  of  the  density 

and  temperature.  In  writing  Sq.  (1)  the  effects  of  electron  inelastic 

collisions  on  momentum  transfer  has  been  ignored.  The  electrons  gain 

•¥  + 

thermal  energy  from  the  field  through  ohmic  heating  at  a  rate  of  -eE  *v  . 

o  o 

In  the  steady  state  this  is  balanced  by  the  loss  of  energy  through 
collisions  with  ions,  thermal  conduction,  and  inelastic  collisions,  so 
ChaC 


•E  /n  Z 
o  o 


=  4  OV  (T 
2  o  eo 


-  T.  ) 

VO 


?/n  Z 
o 


(X/Zn  )^T. 


In  Ea .  (2)  a-  is  the  ion  mass,  x  =  3.16  Zn  T  / v  m  is  the  electron 
v  o  eo  o  e 

thermal  conductivity,  Tg0  is  the  equilibrium  electron  temperature,  T^q  is 

the  ion  temoerature,  and  P/n  Z  is  Che  energy  lost  to  inelastic  collisions 

o 

in  ergs/sec,  and  is  described  in  more  detail  in  the  following  paragraph. 

Here  also  5  =  2  m  / m.  is  the  usual  mean  fraction  of  electron  energy  lost 
e  v  = 

in  an  elastic  collision  derived  from  averaging  over  our  ensemble  of  fast 

test  particles  and  a  maxvellian  field  particle  distribution. 

For  the  present  problem  the  rate  of  loss  of  energy  due  to  thermal 

conduction  is  Quch  smaller  than  the  other  loss  mechanisms  for  scale- 

lengths  greater  than  0.01  cm  at  n  ~  10^.  This  claim  is  justified  a 

o 

posteriori  in  Eq.  (12)  where  it  is  found  that  the  wavelength 
characteristic  of  maximum  growth  is  much  longer  than  this  scalelength. 
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Equation  (2)  can  then  be  rewritten  as 


m  v2  =  4  5  (T  -  T.  )  +  P/n  Z  v  .  (3) 

e  o  2  eo  io  o  o 


1 6  —  3 

For  n  <  10  cm  the  simple  corona  model  is  suitable,  however,  the 
o 

present  analysis  applies  to  a  higher  'ensity  regime.  For  this  regime  of 
>  lO^cm  ^  a  collisional  radiative  equilibrium  model  is  appropriate.^ 
Figure  (1)  shows  P/nQZ  as  a  function  of  Tr ,  the  ionization  temperature 
for  various  ion  densities.  The  charge  state,  Z(T_) ,  as  predicted  by  this 
model  is  shown  in  Fig.  (2)  for  various  densities.  With  the  information 
displayed  in  Figs.  (1)  and  (2),  Eq.  (3)  can  be  used  to  solve  the  equili¬ 
brium  temperature  for  a  given  nQ  and  v  .  This  also  assumes  radiative 
equilibrium  has  been  reached.  If  there  is  not  sufficient  time  to  reach 
radiative  equilibrium,  an  equivalent  ionization  temperature  can  be 
obtained  for  any  assumed  Z  from  Fig.  (2).  Then  Fig.  (1)  can  be  used  to 
find  P  for  this  equivalent  ionization  temperature  and  finally  Eq.  (3)  can 
be  solved  for  Tgo.  In  all  cases  the  ion  temperature  T£Q  will  be  assumed 
to  be  on  the  order  of  1  eV. 

The  early  time  properties  of  the  plasma  are  not  well  understood, 

however,  as  the  plasma  expands  and  the  density  decreases  the  ionization 

state  becomes  frozen  in  with  Z  most  likely  between  1  and  4.  The  current 

driven  in  the  plasma  continues  to  heat  the  electrons  but  the  ionization 

temperature  remains  at  a  value  determined  by  the  initial  plasma  formation 
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processes.  For  Z  >  1  and  n^  <  10  cm  the  ionization  temperature  only 
responds  on  a  timescale  much  slower  than  an  e-folding  time  for  the 
thermal  resistive  instability  derived  in  the  following  sections. 


# 
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III .  Instability  Analysis 


It  is  assumed  that  perturbed  quantities  vary  like  ex?[-i  (at-tt*  x)  ] 
where  k  has  finite  3  and  z  components.  Because  Ar^  <<  rQ,  a  slab  model 
can  be  used  to  simplify  the  analysis.  The  x  direction  in  this  slab  model 
corresponds  to  the  9  direction  and  k2  is  included  to  model  the  finite 
thickness  of  the  plasma.  Linearized  fluid  equations  for  the  response  of 
electrons  are 
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♦ 

-mere  n,  v  ,  and  T  represent  the  electron  density,  velocity,  and  tempera- 

4-  ^ 

ture  perturbations,  v^  is  the  perturbation  in  ion  velocity  and  E  and  B 

represent  the  electric  and  magnetic  field  perturbations.  Faraday's  law 

relates  B  to  E  through  B  ■  ck  x  F/ai.  The  pressure  term  in  the  equation 

2  2 

of  motion  is  not  included  since  k  v  /uv  <<  1.  The  second  and  fourth 

te  o 

terms  on  the  right-hand  side  of  Eq .  (5)  drive,  respectively,  the 


conventional  Veibel  instability  and  the  thermal-resisti ve  instability. 

The  Veibel  instability  of  electrons  drifting  through  a  stationary  ion 

background  possesses  a  growth  rate  of  Y  <  oi  v  /c  (oi  being  the  ion 

~  pi  o  pi 

plasma  frequency)  which  is  quite  small;  hence,  the  analysis  will 
concentrate  on  the  thermal  resistive  instability. 

Solving  Fq  s .  (4)-(6)  one  obtains  the  following  expression  for  the 
current  density 
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Ocher  components  of  a  are  zero.  In  writing  Eq .  (7)  the  neglegibly  small 

ion  contribution  (which  is  the  mass  ratio  times  smaller  than  the  electron 

contribution)  has  been  dropoed  and  <<  v  has  been  assumed.  Note 

O 

that  J  and  a  deoend  linearlv  on  k  :  for  k  =0  the  x, z  coupling 
ZX  XZ  XX 

vanishes  as  will  the  instability. 

The  wave  equation  governing  the  perturbed  electric  field  is  given  by 
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The  displacement  current  is  assumed  to  be  negligibly  small,  so  that  the 
last  term  in  Eq .  (8)  may  be  dropped.  Substituting  Ec.  (7)  into  Eq .  (8) 
one  obtains  the  disoersion  relation 
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This  eauation  is  cuadratic  in  w  and  processes  Che  two  complex  roots, 
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where  k  =*  k  +  k  .  The  upper  sign  is  the  root  of  interest  which  can 
x  2  — 

lead  to  unstable  growth.  The  instability  exists  when 


5  v  + 
o 


2  2 

4m  v  k  3v 
e  o  x  o 

3  k  eo 


_2.  _i —  ( — ? — )  <  o 
3  3T  ^n  2  v  ;  * 
eo  o  o 


where  Fq.  (3)  has  been  used  to  eliminate  T^.  For  kz  3  0,  ?  =  0,  and 

2 

3v  /3  T  =  -3v  /2  T  Eq .  (11)  reduces  to  ra. v  /T  >  1.  Ion  acoustic 
o  eo  o  eo  l  o  eo 

instability  will  not  occur  under  these  conditions  because  of  the  high 

collisionali tv  of  the  dense  plasma  and  the  fact  that  T„  will  not  greatlv 
-  r  eo  n 

14 

exceed  T^Q  on  these  short  timescales. 

When  the  threshold  of  Eq .  (11)  is  exceeded,  the  growth  rate 
increases  monotonically  with  k  for  small  values  of  k  and  then  saturates 
for  large  values  of  k.  For  k  =  0,  the  growth  rate  is  zero.  Saturation 
of  the  growth  rate  occurs  when 
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For  a  typical  densitv  of  Zn  3  10  cm  and  5  8  10  one  finds  k  3  25 

o  o 

which  corresoonds  to  a  wavelength  of  a  few  millimeters.  The  growth  rate 


of  the  instability  can  be  approximated  by 
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For  k  *  0,  P  *  0,  and  3v  /3T  =  -  3v  /2T  the  maximum  growth  rate 


reduces  to  Y 


2 

=  -5v  (m.v  /T  -  1)  with  typical  e-foldine  times  of  a  few 
hi  o  i  o  eo 

nanoseconds . 

For  k^  t  0,  the  mode  has  a  finite  real  frequency.  Furthermore,  a 
threshold  for  the  instability  results.  From  Kq .  (11)  one  finds  that 
growth  only  occurs  for 


In  order  to  model  the  finite  thickness  of  the  cathode  plasma,  k2  can  be 

estimated  to  be  >  where  d  is  the  plasma  scalelength.  This  introduces 

a  finite  k^  required  for  instability  as  indicated  in  Eq .  (14)  but  does 

not  affect  the  maximum  growth  rate,  Y  ,  which  occurs  at  k„  >>  k_  for  a 

m  x  4 


In  terms  of  the  currant  density,  J  ,  the  maximum  growth  rate  of  this 

thermal-resistive  instabilitv  for  k  >>  k  is 

x  z 
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where  all  Quantities  are  expressed  in  CCS  units.  In  addition,  Eq  .  (3) 
can  be  used  to  express  rao  as 


T 

eo 


n  Z  v 
o  o 


(16) 


where  the  same  units  as  in  Fa.  (15)  are  used. 

For  a  given  J  ,  T,- and  radiation  equilibrium  model  y  can  be 
plotted  as  function  of  nQ,  the  plasma  ion  density.  Three  cases  are  shown 
in  Fig.  (3),  all  of  which  have  JQ  =  0.0125  MA/cra^  and  T^0  =  1  eV.  In  one 

case  it  is  assumed  that  Z  =  1  and  that  the  eauivalent  ionization  tempera¬ 

ture  Tr,  radiation  rate  ?,  and  electron  temperature  Tg  are  determined  as 
discussed  in  Sec.  II.  The  other  cases  are  similar  but  with  Z  »  2,  and  3, 

respectively.  Figs.  (4),  (5)  and  (6)  show  the  same  plots  for  JQ  *  0.025, 

0.05  and  0.1  MA/ca4  respectively.  In  all  cases  it  is  assumed  for  the 
instability  analysis  that  Tr  does  not  change  on  this  fast  timescale  such 

that  3 v  /3 T  =  -  3v  /2T  and  3  (P/n  Z  v  )/3T  =  3P/2n  v  Z  T  .  This 

o  eo  o  eo  o  o  eo  o  o  eo 

is  reasonable  since  at  the  densities  to  be  considered  the  timescale  for 
changes  in  the  ionization  temperature  is  much  slower  than  the  growth  rate 
of  the  instability.  If  Tr  does  increase  with  electron  temperature  it 
will  tend  to  slow  the  growth  of  the  mode. 


1 


Mode  growth  at  low  ion  densities  of  <  lO^cm  ^  is  very  slow  because 
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of  high  TeQ.  For  higher  ion  densities  up  to  ~  10  cm  inelastic 

collisions  prevent  growth  of  the  mode.  This  can  be  seen  from  Fig.  (2). 

The  dashed  and  solid  curves  in  Fig.  (2)  allow  one  to  compare  the  second 

and  third  terms  in  Eq  .  (15)  which  are  respectively  the  elastic-collision- 

daraping  term  and  the  inelastic-collision-damping  term  in  the  growth  rate 

17  -3 

exoression.  For  n  >10  cm  damning  due  to  elastic  collisions 

o  ~  ‘ 
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dominates  but  does  not  prevent  growth,  whereas  for  <  10  cm  damping 

due  to  inelastic  collisions  can  dominate  and  actually  prevent  mode 

1<3  -3 

growth.  For  very  high  ion  densities  >  10  'em  elastic  collisions 

prevent  mode  growth  by  dissipating  the  electron  thermal  energy  to  the 

ions  faster  than  the  mode  can  grow. 

One  finds  from  these  plots  that  there  is  a  band  between 
17  -3  19  -3 

n  ~  10  cm  to  —10  cm  "  where  fast  growth  can  occur.  The  lower  end  of 
o 

this  density  regime  matches  that  observed  experimentally  for  typical 

cathode  plasmas.  Eq .  (16)  shows  that  the  inclusion  of  inelastic 

collisions  (?  *  0)  allows  for  slightly  higher  peak  growth  rates  than 

for  the  case  with  P  =  0  because  of  the  reduction  of  Teo  for  a  given  n  , 

1 7  -3 

Z,  JQ  and  T^q.  If  the  density  drops  below  ~10*  cm  due  to  expansion 
into  the  diode  gap,  growth  will  essentially  cease  during  the  remainder  of 
the  pulse.  Thus  rapid  growth  of  this  mode  is  expected  early  in  the 
pulse.  However  any  cathode  plasma  surface  bumpiness  caused  by  plasma 
ietting  during  this  time  will  persist  throughout  the  pulse  and  will 
result  in  filamented  electron  flow  in  the  vacuum  region. 

The  wavelength  of  this  thermal-resistive  mode  also  agones  well  with 
experimental  data.  From  Eq .  (123  it  was  found  that  the  number  of  fila¬ 
ments  should  be  on  the  order  of  c  >  k  r  or  about  75  for  r  =3  cn. 

-oo  o 
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There  is  evidence  of  tens  of  filaments  from  damage  on  the  cathode  which 

coalesce  into  10-20  filaments  in  the  vacuum  electron  flow.  If  radial 

geometry  effects  were  included  in  the  analysis,  one  might  expect  to  find 

growth  is  cut  off  for  k  <  2  ir/  Ar  or  ra  <  2^r  /  Ar  .  For 
°  x  o  o  o 

r  “  3  cm  and  Ar  ~  .3  cm,  this  states  that  m  <  60.  This  is  in 
o  o  ~ 

reasonable  agreement  with  the  above  result  and  with  experimental 
observations . 

From  Figs.  (3)-(6)  one  finds  that  the  peak  growth  rate  scales 
2  3  1/2 

roughly  as  J  Z  / m.  and  that  the  ion  density  at  which  peak  growth 

o  i 

1/2 

occurs  scales  roughly  as  m.  J  Z.  Since  the  brightness  of  ion  beams 
3  J  x  o  ° 

extracted  from  PRD's  seems  to  be  related  to  filamented  flow  in  the  diode, 
reduction  or  elimination  in  the  growth  of  this  thermal-resistive 
instability  in  the  cathode  plasma  is  of  great  importance.  Reducing  the 
current  dens' ty  by  increasing  the  cathode  emission  area  seems  to  be  the 
easiest  way  to  reduce  the  mode  growth.  This  may  be  possible  by  tapering 
the  cathode  such  that  the  inner  edge  of  the  cathode  is  closer  to  the 
anode  than  the  outer  edge.  Simply  increasing  the  thickness  of  the 
cathode  will  not  necessarily  reduce  JQ  significantly  since  the  emission 
from  the  inner  edge  of  the  cathode  is  reduced  by  space  charge  effects 
produced  by  electrons  flowing  inward  from  the  outer  edge  of  the  cathode. 

Reducing  the  charge  state  of  the  plasma  or  increasing  the  ion  mass  may 
also  be  possible  ways  of  reducing  the  growth  rate.  It  should  also  be 
noted  that  shorter  pulse  beams  (e.g.  10  ns  pulse  duration  beams)  would  be 
less  affected  by  this  instability  than  the  present  50  ns  pulse  duration 
beams  because  of  the  finite  few  nanosecond  e-folding  times. 

In  summary  the  thermal  resistive  f ilamentation  instability  described 
herein  could  be  the  cause  of  the  f ilamentat ion  which  is  found 


to  exist  in  the  cathode  plasma  of  a  PRD.  The  e-folding  time  of  a  few 
nanoseconds  is  fast  enough  to  allow  for  strong  current  f ilaraentat ion 
which  can  directly  and  indirectly  affect  the  brightness  of  ion  beams 
extracted  from  such  diodes  and  possibly  other  diodes.^.  The  optimum 
density  for  peak  growth  of  this  mode  closely  matches  the  experimentally 
measured  cathode  plaraa  density  and  the  predicted  wavelength  of  the  mode 
is  also  roughly  equal  to  that  measured  experimentally.  With  this 
understanding  it  is  hoped  that  this  fi lament  at  ion  can  be  controlled  or 
eliminated . 
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Figure  Captions 


Fig.  1 


Fig.  2 


Fig.  3 


Fig.  4 


Fig.  5 


Fig.  6 


Plots  of  electron  energy  loss  rate  due  to  inelastic  collisions 

versus  equivalent  ionization  temperature  for  various  ion 

densities  from  the  collisional  radiative  equilibrium  model. 

The  dashed  lines  are  plots  of  5v  T  /a  versus  temperature 

o  eo  o 

with  Z  *  4  and  1  for  the  upper  and  lower  curves  respectively. 
Plots  of  average  charge  state  versus  equivalent  ionization 
temperature  for  various  Lon  densities  from  the  collisional 
radiative  equilibrium  model. 

2 

Plots  of  growth  rate  versus  ion  density  for  J  =12.5  kA/ cm 

o 

and  Z  "frozen-in"  at  1,  2,  and  3. 

,  2 

Plots  of  growth  rate  versus  ion  density  for  J  =25  kA/cm  and 

o 

Z  "frozan-in"  at  1,  2,  and  3. 

.  .  2 

Plocs  of  growth  rate  versus  ion  density  for  J  =50  kA/cm  and 

o 

Z  "frozen-in"  at  1,  2,  and  3. 

2 

Plots  of  growth  rate  versus  ion  densitv  for  J  =  100  kA/cm 

o 

and  Z  "frozen-in"  at  1,  2,  and  3. 
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3.0  BEAM  TRANSPORT 


Beam  transport  in  plasma  channels  is  important  in  order 
too  provide  standoff  between  the  diode  and  the  target  region 
for  a  survivable  diode  system.  Transport  can  also  be  used 
for  TOF  beam  bunching  if  an  appropriately  ramped  diode 
voltage  is  applied.  A  considerable  effort  in  the  area  of 
beam  transport  was  undertaken  under  this  contract. 
Extensive  experimental  and  theoretical  studies  of  beam 
propagation  in  z-discharge  channels  were  conducted.  Some  of 
the  issues  addressed  were  the  hydrodynamic  response  of  the 
channel  to  beam  passage,  beam  particle  and  energy  transport 
efficiency  and  the  stability  of  the  channel  and  beam-plasma 
system.  With  this  understanding  it  was  concluded  that  large 
radius  (i.e.  larger  than  typical  target  sizes)  transport 
was  most  attractive  which  led  to  the  study  of  final  focusing 
techniques.  System  requirements  for  igniting  an  ICF  target 
using  a  multimodular  approach  with  transport  bunching,  and 
final  focusing  were  finally  considered. 

The  transport  of  electron  beams  was  also  considered  and 
studied  as  was  enhanced  stopping  of  ions  in  hot  dense 
plasmas.  The  results  of  this  beam  transport  and  beam-plasma 
interaction  work  is  summarize.'  below.  Detailed  information 
can  be  found  in  the  reports  which  follow. 
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First  consider  the  transport  of  intense  ion  beams  over 
several  meters  through  a  z-discharge  plasma  channel.  This 
technique  allows  ion  beams  to  be  transported  and  the 
distance  required  for  reaction-chamber  standoff  and  provides 
a  means  of  combining  beams  extracted  from  many  generators 
onto  a  single  target.  The  ion  beam  enters  the  z-discharge 
channel  at  the  best  beam  focus  location  from  the  diode. 
Inside  the  channel,  the  ions  are  confined  radially  by  the 
azimuthal  magnetic  field  produced  by  the  discharge  of  an 
external  capacitor  bank.  The  25-150  kA  current  in  the 
channel  is  adjusted  to  provide  radial  confinement  for  ions 
with  the  maximum  transverse  energy.  The  plasma  density  in 
the  channel  must  be  sufficiently  high  to  resist  expansion 
forces  during  beam  transit  and  sufficiently  low  to  prevent 
excessive  energy  loss  of  the  beam.  A  convenient  combination 
of  desired  transport  length  (2-5  m) ,  proton  or  deuteron 
energy  (2-5  MeV),  and  ion  beam  pulse  duration  (50-100  ns) 
permits  axial  bunching  of  the  beam  during  tranport  by 
ramping  the  accelerator  voltage  in  time.  3eam  power 
multiplication  of  the  beam  can  be  achieved  in  this  fashion. 

Questions  which  were  addressed  during  the  performance 
of  this  contract  concerning  propagation  of  beams  in  such 
channels  included  how  off-center  injection  would  effect 
transport,  whether  efficient  transport  was  possible  if  the 
channel  were  sausage  unstable,  what  effect  knock-on 
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electrons  would  have  at  the  head  of  the  beam  and  how  would 
instabilities  limit  transportable  beam  power.  Answers  to 
these  questions  were  addressed  both  experimentally  and 
theoretically . 

In  order  to  deliver  an  intense  light-ion  beam  to  a 
target  in  a  z-discharge  channel  the  ions  are  confined 
radially  by  the  azimuthal  magnetic  field  in  the  channel.  If 
the  beam  is  injected  on-center  and  parallel  to  the  axis, 
transport  is  azimuthally  symmetric  and  stable.  Nonparallel 
or  off-center  injection,  however,  may  lead  to  both  particle 
losses  and  unstable  transport.  Results  show  that  after 
phase-mixing  the  effect  of  off-center  injection  is  mainly  to 
increase  the  beam  radius  in  the  channel  over  that  achieved 
with  centered  injection.  Such  a  system  may  also  be  unstable 
to  growth  of  hos  -like  perturbations.  Both  the  self-hose 
and  the  resistive  hose  mechanisms  can  play  important  roles. 
The  self-hose  mechanism  results  from  the  repulsion  between 
the  beam  current  and  the  oppositely  directed  return  current, 
whereas  the  resistive  hose  mechanism  results  from  the 
resistive  phase  lag  between  oscillations  of  the  beam  and 
magnetic  axis.  Since  off-center  injection  of  the  beam  into 
the  channel  can  lead  to  a  finite  initial  perturbation, 
growth  of  the  mode  on  the  beam  time  scale  could  disrupt 
transport.  Results  show  that  finite  velocity  sprea.  in  the 
beam  axial  velocity  stabilizes  growth  of  the  hose  mode. 


This  result  differs  from  the  relativistic  e-beam  case  where 
the  axial  velocity  spread  is  very  small  for  relativistic 
beams . 

Beam  propagation  in  an  ideal  channel  has  been  compared 

with  propagation  in  non-ideal  channels.  For  an  ideal 

channel  B.~r/r  and  the  channel  radius,  r  ,  does  not  vary 
u  c  C 

with  axial  position.  If  the  channel  is  subject  to  sausage 
type  instability  [rc=rc(z)]  before  beam  injection,  then 
radial  expansion  of  the  beam  can  result.  The  extent  of  beam 
expansion  is  a  function  of  the  wavelength  and  level  of 
bumpiness  in  the  channel.  It  was  found  that  this  expansion 
will  be  small  because  the  betatron  wavelength  is  much  longer 
than  the  typical  wavelength  of  the  sausage  mode.  The 
effects  on  beam  propagation  of  steeper  magnetic  field 
gradients  ( B^~ ( r/r^ ) n , n  >  1),  and  small  electric  fields  were 
also  considered.  These  fields  arise  due  to  the  MHD  response 
of  the  channel  to  beam  passage  and  again  were  found  to  have 
little  effect  on  propagation  under  typical  conditions. 

Results  from  micro-stability  analysis  for  both 
electrostatic  and  electromagnetic  modes  show  that  channel 
parameters  can  be  chosen  which  allow  beam  transport  without 
fast  electrostatic  wave  growth.  Slower  growing 
electromagnetic  instabilities  probably  will  occur  and  could 
lead  to  plasma  current  f ilamentation  that  could  affect  the 
tail  of  the  beam.  Conditions  for  good  transport  were 
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derived  from  these  results  which  point  out  some  of  the 

limiting  constraints  on  transport.  The  results  were  derived 

in  a  general  form  so  that  they  may  be  applied  to  beams  of 

+  +  +4 

various  species  (e.g.  H  ,  D  ,  C  ,  etc.). 

The  effect  of  knock-on  electrons  resulting  from  large 
angle  scattering  off  beam  ions  was  also  studied.  Such 
electrons  can  obtain  velocities  up  to  twice  the  beam 
velocity  and  hence  precede  the  beam  into  the  channel. 
Significant  precursor  electron  current  could  degrade  the 
radial  confinement  of  the  beam  head.  It  was  found,  however, 
that  the  magnetic  field  due  to  the  channel  current  quickly 
turns  the  majority  of  such  electrons  around  before  they 
leave  the  beam  region. 

Another  important  problem  which  was  studied  was  the 
magnetohydrodynamic  (MHD)  response  of  transport  channels  to 
ignition-system-level  beams.  Simple  analytic  estimates  for 
channel  response  agreed  with  a  one-dimensional  (ID)  radial, 
two-temperature  MHD  code  for  moderate  density  changes. 
Results  indicated  that  for  3-5  MeV  protons, 

mega-ampere-level  beams  can  be  transported.  Starting  right 
after  beam  injection,  the  channels  expand  radially  and 
electromagnetic  fields  develop  inside  the  channel.  Changes 
in  the  magnetic  field  inside  the  channel  are  due  mainly  to 
convection  with  the  plasma  channel.  Ion  beam  energy  losses 
occur  because  of  electric  fields  which  develop  inside  the 
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channel  and  beam  intensity  losses  occur  because  of  changes 
in  the  initial  magnetic  field  structure.  The  electric  field 
inside  the  channel  has  three  main  components:  resistive, 
hydrodynamic  and  the  equivalent  field  due  to  collisional 
slowing-down  of  the  beam  ions .  An  optimum  density  for  the 
channel  density  was  determined  from  these  considerations. 


Initially,  the  beam  current  density  was  assumed  to  be 
known  as  a  function  of  space.  In  reality  however,  the  beam 
current  spatial  distribution  depends  on  the  evolution  of  the 
electric  and  magnetic  fields  in  the  channel.  Refined 
calculations  were  performed  where  the  current  distribution 
was  obtained  by  following  ion  orbits  in  these  macroscopic 
fields  determined  from  the  MHD  equations.  It  is  then  used 
as  a  driving  source  term  in  the  MHD  equations.  These 
refined  results  were  again  used  to  determine  the  optimum 
density  for  transport. 


The  result  that  expanding  plasma  channels  decelerated 
ion  beams  led  to  the  consideration  of  using  imploding 
channels  to  accelerate  beams.  When  magnetized  plasmas  flow 
in  converging  geometries  (such  as  a  z-pinch)  they  generate  a 
combination  of  E  and  B  field  structures  that  act  on  the 
majority  of  the  plasma  particles  (trapped,  low  energy 
particles)  in  a  self-consistent  manner  of  current  and  space 
charge  distributions.  These  fields  will,  however,  act 
differently  on  a  component  of  beam  particles  that  are 
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untrapped.  A  very  fast  process  of  energy  delivery  from  the 
heavy  slow  plasma  to  the  beam  component  will  take  place  when 
the  plasma  converges.  The  inverse  is  true  for  plasma 
expansion.  It  was  found  however  that  special  care  must  be 
taken  to  prevent  emittance  growth  during  the  acceleration 
process.  In  fact  beam  cooling  could  be  achieved  if  the 
channel  implosion  was  properly  tapered  but  this  required 
finite  length  transport  sections  which  would  need  to  be 
coupled  together. 


Experiments  have  been  performed  on  the  Gamble  I  and 

Gamble  II  generators  at  NRL  which  have  demonstrated 

efficient  transport  of  proton  beams  of  intensities  of  up  to 
2 

50  kA/cm  .  The  media  for  beam  transport  have  been 
wall-stabilized  plasma  channels  performed  by  capacitor  bank 
discharges  of  "“50  kA  in  1-2  Torr  of  gas.  Channels  are 
formed  in  a  compact,  low  inductance  coaxial  geometry  with 
the  discharge  struck  along  an  aluminum  oxide  insulating 
liner.  Methods  of  channel  coupling  have  been  developed  and 
tested  to  allow  construction  of  long  modular  transport 
systems.  Efficient  transport  of  up  to  400  kA  of  proton 
current  has  been  observed  in  channels  of  1.6,  2.5  and  4.5  cm 
diameter  over  distances  up  to  1.5  m.  Using  the  channel 
coupling  technique  efficient  transport  over  5  m  distances 
has  been  achieved. 
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The  time  variation  of  the  current  of  intense  bursts  of 

protons  has  been  determined  by  detecting  prompt  gamma  rays 
19  16 

from  the  F(p,cty  )  0  reaction.  Detectors  have  been 

absolutely  calibrated  to  measure  amperes  of  protons  provided 
the  proton  energy  is  known  Measurements  with  this 
diagnostic  on  the  transort  experiments  were  analyzed  to 
evaluate  the  proton  currents  and  transport  efficiencies 
discussed  above. 


The  propagation  and  expansion  of  beams  exiting  a 
transport  channel  into  a  field-free,  1  Torr  pressure  drift 
space  have  also  -been  studied.  The  exiting  beams  have 
excellent  axisymmetry  and  uniformity  with  no  evidence  of 


f ilamentation . 


Time-integrated 


time-resolved 


photography  of  beam-channel  and  target  blow-off  plasma  along 
with  witness-target  damage  and  beam  imaging  techniques  were 
used  to  compare  the  experimental  properties  of  exiting  beams 
with  computations  of  the  transported-beam  distribution 
function  and  ballistic  orbits .  Both  experiment  and  theory 
show  a  dependence  of  the  post-transport  expansion  on  the 
channel  current.  Theoretical  considerations  also  emphasize 
the  importance  of  the  radial  current  distribution  on  beam 
expansion,  which  is  controlled  by  proper  plasma  engineering 
in  the  experiments. 
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The  need  for  a  final  focusing  cell  results  from  the 
fact  that  hydrodynamic  and  stability  constraints  associated 
with  transport  are  considerably  relaxed  if  the  beam  is 
transported  with  a  radius  a  few  times  larger  than  the  pellet 
radius  (~0.5).  A  final  focusing  element  consisting  of  a 
short  (~few  cm)  1/2  betatron  length  high-current  ("100-200 
kA) ,  z-discharge  cell  could  then  radially  compress  the  beam 
to  pellet  dimensions  after  transport.  Beam  focusing  is 
achieved  at  the  expense  of  increased  angular  beam 
divergence.  Detailed  calculations  of  final  focusing  cells 
have  been  done  including  studies  of  the  effects  of  focusing 
geometry  for  injection  into  the  transport  system,  and  the 
B^-distribution  in  the  transport  channel  and  focusing  cell. 

The  B  profiles  are  obtained  from  MHD  code  modeling  of 

0 

z-discharges  for  various  gas  fill  pressures.  Standoff  for 
channel  packing  can  be  achieved  by  using  a  1/4  betatron 
length  cell.  In  this  case  focusing  continues  for  about 
another  1/4  betatron  length  beyond  the  cell. 

A  proof-of-principle  experiment  for  final  focusing  was 
fielded  on  Gamble  II  at  NRL.  Results  showed  that  indeed 
focusing  could  be  achieved  that  no  significant  phase  mixing 
occurred  in  the  short  1/2  betatron  length  cell. 


Page  3.10 


Stability  constraints  combined  with  channel  expansion 
and  beam-energy  loss  constraint  define  an  operational  window 
for  ion  transport.  The  stability  constraints  are  derived 
from  the  requirements  to  avoid  significant  growth  of  the 
electron-beam  ion  two-stream  instability  the  beam 
f ilamentation  instability  and  the  channel-filamentation 
instability.  The  channel-expansion  constraint  results  from 
demanding  the  JxI3-driven  radial  expansion  of  the  channel 
occurs  on  a  time  scale  longer  than  the  beam-pulse  duration. 
Finally  the  beam  energy-loss  constraint  requires  that  no 
more  than  25%  of  the  beam  energy  is  lost  during  transport. 

The  constraints  were  derived  for  arbitrary  beam-ion 
species  in  order  to  evaluate  the  advantage  of 
higher-atomic-weight  ions.  The  beam  energy,  beam  radius  and 
channel  density  are  also  free  parameters  which  were  varied 
in  order  to  determine  their  effects  on  the  operational 
window.  In  all  cases,  the  channel  gas  was  taken  as 
deuterium.  This  allows  the  use  of  a  simple  model  for 
channel  heating  and  has  the  advantage  of  reduced  radial 
acceleration  due  to  the  passing  beam  at  the  same 
stopping-power  as  hydrogen. 

Results  for  beams  of  H+ ,  D',  He+^  and  C+^  were  derived 
which  show  that  a  larger  operational  window  exists  for  the 
higher-atomic-weight  species.  This  is  a  consequence  of 
their  lower  currents  at  equivalent  transported  power  levels . 
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Lower  currents  relax  the  f ilamentation  constraints  thereby 
allowing  stable  transport  of  lower-angular-divergence,  i.e. 
higher  brightness,  beams.  Raising  the  channel  density  above 
the  optimum  for  minimum  beam-energy  loss  during  transport 
relaxes  the  two-stream  and  channel-filamentation  stability 
constraints  and  the  channel-expansion  constraint  while  only 
slightly  modifying  the  energy-loss  constraint.  Increasing 
the  beam  radius  relaxes  the  two-stream  stability  constraint 
and  considerably  reduces  the  channel-expansion  and  beam 
energy-loss  constraint.  This  results  from  the  reduced  JxB 

/v 

forces  and  smaller  MHD-generated  axial  electric  fields  which 
are  present  when  the  beam  current  is  spread  over  a  larger 
area.  All  constraints  are  relaxed  for  a  higher 
particle-energy  beam  because  of  increased  stiffness  and 
lower  current.  Target-deposition  requirements  limit  the 
particle-energy  range  useful  for  different  ion  species. 

It  was  determined  that  multi-terawatt  beams  can  be 
transported  a  few  meters  in  large-radius  channels.  If  TOF 
bunching  during  transport  and  final  focusing  after  transport 
are  employed  less  than  10  (and  as  few  as  4)  channels  are 
required  to  deliver  the  power  needed  to  ignite  a  pellet. 

Electron  beam  transport  is  also  of  interest,  for 
example,  for  Bremsstrahlung  production.  Experimental 
results  of  propagating  up  to  400  kA  of  relativistic  electron 
beams  ("1  MeV)  over  a  distance  of  64  cm  in  a  tightly  focused 
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mode  were  reported.  Efficient  transport  (>  80%)  was 
observed  when  a  channel  of  plasma  containing  enough  current 
to  confine  the  hot  electrons  was  used.  Theory  of  the  flow 
includes  return  current  effects,  and  is  in  good  agreement 
with  experimental  results.  The  theory  is  used  to  predict 
limits  of  this  technique. 

A  scheme  for  axial  bunching  of  a  REB  was  also  invented 

and  tested  in  a  1/r  azimuthal  magnetic  field  produced  by  a 

current  driven  in  a  wire,  where  electrons  propagate  axially 

by  gradient  B  drift.  Since  this  gradient  B  drift  velocity 

2 

v^.g,  is  proportioned  to  y8  ,  axial  current  bunching  can  be 
achieved  by  appropriate  ramping  of  the  diode  voltage 
waveform.  In  order  to  reduce  the  spread  in  drift  velocities 

due  to  a  dependence  of  v  on  v  ,  the  pinched  beam  is 

Vo  9 

allowed  to  expand  radially  in  a  narrow  gas-filled  gap  before 
entering  the  drift  region.  In  this  way  azimuthal  motion  in 
the  beam  is  reduced  and  substantial  axial  bunching  is 
possible.  Other  electron  drift  motions  and  conditions  for 
their  neglect  were  derived.  Conditions  for  efficient  beam 
injection  into  the  magnetic  field  drift  region  were  also 
considered  as  well  as  other  factors  which  affect  transport 
and  bunching  of  the  beam. 
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A  theoretical  model  was  also  employed  to  study  the 
interaction  of  current  and  charge  neutralized  relativistic 
electron  beams  with  thin  targets  for  a  configuration  in 
which  the  gradient  drifts  in  magnetic  fields  due  to  suitably 
arranged  conduction  currents  used  to  transport,  stagnate  and 
focus  the  beams.  Power  deposition  of  the  order  of  100 
TW/g/MA  have  been  obtained  corresponding  to  enhancements 
well  above  10  times  the  collisional  stopping  power.  The 
deposition  enhancement  is  accompanied  by  the  production  of 
an  intense  component  of  low-energy  Bremsstrahlung . 

Finally,  the  stopping  power  of  deuterons  in  hot  dense 
plasma  is  being  measured  using  neutron  (TOF)  with  thin 
layered  targets .  Intense  beams  of  1-MeV  deuterons  are 
focused  onto  subrange  thick  targets  consisting  of  a  stopping 
foil  coated  on  the  front  and  rear  with  a  thin  layer  of  CD^ • 
The  TOF  of  d-d  neutrons  from  these  two  targets  is  used  to 
determine  the  deuteron  energy  loss  in  the  stopping  foil 
which  is  heated  by  the  focused  ion  beam  ('*50  KA/cm  ). 
Results  indicate  that  the  stopping  power  is  enhanced 
compared  to  that  of  a  cold  solid  target.  Alteration  of  the 
stopping  power  is  expected  when  the  stopping  medium  contains 
a  significant  ratio  of  free-to-bound  electrons.  This  ratio 
may  be  changed  experimentally  by  using  different 


current-density  beams  or  stopping  foils  of  different  atomic 
number.  This  result  has  important  implication  for  target 
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designs . 

The  transport  work  summarized  above  outlines  the 
development  of  a  significant  new  technology  which  has  direct 
application  to  a  multimodule  light-ion  ICF  system.  Detailed 
technical  information  follows  in  the  attached  reports. 
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Colombant  and  S.  A.  Goldstein,  Phys.  Rev.  Lett. 
45,  1253  (1980). 


3.  "Self-Consistent  Propagation  of  Light-Ion  Beams  in 
Plasma  Channels,"  Proc.  of  the  Topical  Meeting  on 
Inertial  Confinement  Fusion,  (San  Diego,  CA,  Feb. 
26-28,  1980),  p.  103. 
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Soc.  26,  998  (1981). 
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dRl  Knock-on  Elect.  ..a  in  Heavy  Lon  *>«»■_ 

System*,  rT  F.  IIUBbXSdT  5.  A.  COLD3TEIN,  S.  SUhR-R.  anu 
D.  a.  TIlNtAi;,  JaYCOR*  . — tar  typical  cuuctar  ch-mDcr  con¬ 
ditio.  OS.-  0.4.  I  kA  .«r  beau..  ?-  1 

current  heavy-  too  beams  proposed  aa  .elvers  tar  ?iL-,st 
fusion  util  produce  lat:s  currer.cs  at  knoex-on  e.eccrans 
ulch  vjti.c.  chs  boaa  velocity.  The  current  Cur..eC  by 
thoa*  'electrons, (vhtch  ere  produced  by  nearly  neac-on 
collisions  between  beam  Ions  and  ambient  eieccroiia, 
usually  exceeds  che  bead  particle  current  and  can  exceed 
the  -10  U  Alfvea  limiting  current.  Some  ot  these  elec¬ 
trons  tor*  a  broad  seif-pinched  “beaa"  which  outruns  the 
iona  and  creates  a  plasma,  channel  whose  magnetic  tleld.  - 
deflects  some  (or  probably  all)  of  th.  beaa  Ions  out- 
ward.  3aaed  on  simple  estioates  of  the  knock-on  beaa 
radiue,  thosa  deflectiane  lead  to  a  aerious  increase  in 
spot  aiza  for  p>  e  few  torr  in  la.  Results  from  a 
numerical  classical  beaa  transport  model  lncorporat-ag 

these  effects  will  be  presentee.  -  -  -  - 

•Supported  by  DOE  contract  DE-A M8-79DP40101. 


SD3  Analysis  of  Proton  Transport  Experiments  with  a 
?roapc  Gniata  Diagnostic.*  FT  C.  YOUNC,  F .  L.  SAATIELt, 

S.  J.  STEPKA2IAKIS;  t.  3.  3L-.-NERT  ,  ?.  W.  OLIFHANT , 

“•  COOPERS TEIN,  S.  A.  COLDS iCI.Vt ,  and  9.  MOSHER,  Havel  . 
Research  laboratory.  —The  c:.:e  variation  of  the  currant 
of  Incense  bursts  of  protons  has  been  determined  by  de¬ 
tecting  proop c  game  rays  : too  che  19?(?,iy)  reaction. 
Detectors  have  been  absolutely  calibrated  to  measure 
Amperes  of  protons  pcovlded  the  proton  energy  Is  known. 
Meaaureoents  with. this  diagnostic  on  the  transport  ex-  • 
ptrlnenta  described  in  the  previous  talk  were  analyzed  to 
evaluate  procon  currents  and  transport  efficiencies.  Th* 
dependence  of  these  measurements  on  proton  energy  leases 
due  to  resistive  and  luducclvs  effects  in  the  diode  end 
proton  deceleration  due  to  the  return  currenc  electric 
field  will  be  discussed.  For  energy  losses  of  a  few 
hundred  keV,  peak  procon  currencs  of -0.3MA  are  focussed 
and  transported  1  meter  with  ~  501  efficiency. 

•Work  aupporced  by  the  Department  of  Eoergy 
T JAY COR,  Inc.,  Alexandria,  VA  22304 


2P11  Gradient  Drift  Enhancement  of  Energy  Deposition 
and  3rem«atrahlung  Production  in  Thin  Targets  by  t 
Relaclvlsclc  Electron  3eam«.*  A.  KAL3LEI3  and  T.  P. 
•WRIGHT .  Sandta  Laboratories,  and  S.  A.  Colditeia, 

JAY  COR— A  theoretical  nodal  he*  been  employed  to  study 
the  Interaction  of  currenc  end  charge  neutralized 
relaclvlsclc  electron  beam*  with  chin  cargecs  for  a 
configuration  In  which  the  gradient  drlfca  in  magnetic 
field*  due  to  suitably  arranged  conduction  currenc*  art 
used  to  transport,  stagnate,  and  focus  che  beams. 

Power  dapoaltlon  of  the  order  of  100  TV/g/MA  have  been 
obtained,  corresponding  to  enhancements  well  above  10 
times  the  colllslonal  stopping  power.  The  deposition 
enhancement  la  accompanied  by  cha  production  of  an 
incense  component  of  low-energy  brans* crahlung. 

1  y  • 

•Work  supported  by  che  U.  S.  Department  of  Energy  and 

the  Havel  Research  Laboratory. 


SO4  Self-Conwlstanc  Plasi.  ,  Channel  Response  ro 
Propagating  Ion  3esma.  0.  C  C0LGM11ANT,  j .  COIUST'IW  • 

D.  MOSHER,  and  W.  MAMUEIMES,  .1  search  ‘ 

Results  have  been  presented  ;  w/louely1  :«  :~rcdial 
plasma  channel  response  to  tie  sassage  of  a  3  --1  >'Wcal 
2-5  MeV  proton  been.  In  chose  studies,  che  balm  current’ 
density  was  assumed  to  be  known  a*  d  funcclon  »:  epace. 

In  raellcy  however,  the  beam  currenc  special  distribu¬ 
tion  depends  on  the  evolution  of  the  electric  lad 
magnetic  fields  in  che  channel.  The  current  discrl- 
bption  is  now  obtained  by  following  ion  orbits  in  these 
macroecoplc  fields  determined  from  Che  MILD  equations. 

It  1*  then  used  as  a  driving  source  term  in  the  i'JfD 
equations.  Typlcsl  c*a*s  will  be  presented.  3aam 
rippling  effects  will  be  discussed  ee  well  *a  comoer- 
laons  with  solution*  obtained  In  raf.  1. 

S"  Coid,t,ln>  Mosher;  IZJE  Inc. 

Conf.  Plasma  Sciaaca,  Montreal  (1975),  p»par  4C4. 
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502  Ion  it  am  Transoorr  in  Plasma  Channels.* 
r.  L.  SAHOELf,  F.  C.  YCUNC,  S.  J.  3TEPHANAXI3, 

T.  V.  OL1PHAHT,  G.  COOP  ERST  cl  i.l,  3HYKE  A.  GOLOSTEIHT  ,  and 
0.  MOSHER,  Naval  Research  L.iBoracorv--Iatense  procon  ■ 
beams  produced  In  the  GAMBLE  II  generator  Have  been 
efficiently  transported  over  distances  greater  chan  one 
meter  In  vall-etablllzed  current-carrying  plasma  channels 
Ion  beams  are  allowed  to  balllacically  focus  in  a  ntucral 
gas  background  so  thee  a  fully  currenc  neutralized  beaa 
Is  Injected  Into  the  plasma  channel,  which  begins  at  the 
ion  focue.  Channel  diameters  of  1.6  cm  and  4.3  cm  have 
.been  studied  wlch  channel  gas  pressures  in  the  range 
.2-2  Torr.  Efficient  transport  hae  been  observed  except 
•bove  a  sell  defined  channel  current  in  the  1.6  cm 
channel,  indicating  possible  Instability.  Th*  primary 
diagnostic  has  been  the  observation  of  game  rays  from 
nuclear  reactions  in  fluorine  cargett.  The  detailed 
analysis  of  these  data  will  bs  presented  In  che  following 
paper.  Continuing  experiments  will  be  discussed. 

•Work  supported  by  che  Sepercmenc  of  Energy. 

TJAYC0R,  Inc.,  Alexandria,  VA  22304 


2710  A  Schema  for  Axial  Bunching  of  Relativistic 
Electron  3eacs«.  ?.  ?.  OTTISGER  and  3HYKE  A.  GOLDSTEIN, 
JaYCOR, — In  a  1/r  azimuthal  magnetic  field,  produced  by 
a  current  driven  in  a  wire,  electrons  propagace  axially 
by  gradienc  3  drift.  Since  chls^gradienc  3  drift  velo¬ 
city.  V;,.  is  proportioned  to  ,^2,  axial  current  bunch¬ 
ing  can  5e  achieved  by  appropriate  ramping  of  th*  diode 
voltage  waveform.  In  order  to  reouca  the  spread  in 
drift  velocities  due  tb  a  dependence  of  v_.  on  v,  ,  the 
pinched  beam  Is  allowed  to  expand  radially  in  a  narrow 
gas-filled  gap  before  entering  the  drift  region.  In 
this  way  azimuthal  motion  in  the  beam  is  reduced  and 
iubscanclal  axial  bunching  is  possible.  Other  electron 
drift  aocions  will  be  discussed  and  conditions  for  thslr 
neglect  will  be  presented.  Conditions  foe  efficient 
beaa  injection  into  ehe  magnetic  field  drift  region  will 
elso.be  discussed  as  wall  os  ocher  factors  which  sffact 
transport  and  bunching  of  the  horn, 

•Work  performed  at  Naval  Research  Laboratory 


4C1  Final  Focusing  of  an  Intense  Ion  3eam  Following 
Transcort  Tnrauan  a  1-Oiscnarge  Plasma  C.nannel.*  P.  ?. 

ITT INGEST,  SHYI-CE  A.  GCLDSTLINt,  and  D.  MOSKER,  Maval 
Research  laboratory.  —  M.egarapere-level  light-ion  beans 
appropriate  for  inertial  confinement  studies  nave  been 
generated  and  focuses  down  to  square-centimeter  areas. 
Presently,  experiments  are  underway  to  study  transport 
and  time-of-flignt  bunching  of  these  focused  beams  in 
z -discharge  plasma  channels. 2  Ions  are  radially  con¬ 
fined  by  the  azimuthal  magnetic  field  produced  by  the 
channel  current  established  on  a  microsecond  time  scale. 
For  uniform  currant  densities  in  the  channel  and  small 
injection  angles  (e.g.  a  <  0.2  rad},  the  beam  ions  follow 
nearly  sinusoidal  betatron  orbits  in  the  r-z  plane. 

,  .  _  ,  _  ....  _ -w  -  -  w  Ji.J, 
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voltage  waveform  such  that  ions  generated  late  in  -he 
pulse  catch  up  to  ions  generated  early  in  the  pulse 
over  2-5  meter  channel  lengths.3 

On  exiting  the  channel,  the  beam  must  be  de¬ 
livered  to  a  target.  Here,  a  scheme  which  passes  the 
beam  through  a  short  final  focusing  section  is  evalu¬ 
ated.  Focusing  is  achieved  by  increasing  the  channel 
current  from  I 5  to  I ^  over  the  last  tew  centimeters  of 
the  transport  channel  before  radially  extracting  the 
channel  current.  As  the  ion  beam  propagates  forward 
into  the  field-free  region,  the  beam  will  continue  to 
oinch  down  for  a  short  distance  before  expanding.  Such 
a  scheme  containing  a  final  focusing  stage  is  cf  inter¬ 
est  since  it  allows  one  to  transport  beams  in  a  larger 
radius  channel  and  thus  reduces  the  plasma  density  (i.e. 
inertia)  required  to  prevent  rapid  radial  expansion  of 
the  channel  due  to  £p*3  forces.  Lower  plasma  densities, 
in  turn,  mean  less  beam  energy  is  lost  in  traversing 
the  channel.  Also, the  beam  current  that  can  be  prop¬ 
agated  scales1*  as  r*  and  thus  one  gains  in  current 
•density  using  larger  channels. 

First, we  will  consider  the  matched  beam  case 
(i.e.  V;)a„/rsw3  ■  1)  ,  which  corresponds  to  the  case 
where  beam  rippling  near  the  front  of  the  transport 
channel  does  not  occur.  Hera,  v0  is  the  beam  velocity, 

^3  is  the  betatron  frequency  and  rs  and  3n  are  respec- 
*^70^ y  che  osant  spot  sizes  .and  chfi  zidxiinuin  icn  injection 
angle.  For  a  monoenergctic  matched  beam,  tr.e  additional 
cnannei  current,  I -.-I},  shculd  be  introduced  a  distance 
Trs /4a„)  (la/I'.  <*5  from  tne  end  of  the  channel,  the  beam 
ions,  following  betatron  omt3  in  the  now  enhanced 
magnetic  field,  will  begin  to  pinch  down.  Upon  exiting 
the  channel,  focusing  continues  for  a  distance  (rj/b^)* 
(In/I.) h(:,-:0)/{i.+:3)  oefore  the  team  begins  to  expand 
m  the  field-free  region.  This  will  be  the  ideal  target 
oositiou  with  the  minimum  beam  radius  given  by  r^/rg)km 
21,3/dv'Ii)  •  Results  will  also  he  presented  for  a 
our. cned  beam  with  an  appropriate  distribution  of  ion 
energies . 

•',’orx  supported  by  U.S.  r.epartment  of  tnergy. 

-Present  address:  JAYCCF.,  Inc.,  Alexandria  VA  22304 
:G.  Cooperscom,  5.  A.  Goldstein,  0.  Moaner,  W.  F. 
Oliphunt,  F.  L.  Sandel ,  5.  J.  Stephar.akis,  and  F.  C. Young, 
m  Proceedings  of  the  2.d  International  Topical  uonfer- 
er.ee  on~HlGh'  Power  Elec:  ron  and  Ion  Feu, ns  Research  and 
Tec r-no logy,  Novosibirsk,  'JSSH,  15'9,  (to  be  published)  . 
-5".  hosnerT  3.  Cooperstem,  5.  A.  Goldstein,  D. 
Coicmcant,  ?.  F.  Ottingcc,  F.  L.  Sandel,  S.  J . 
Stechanakis,  F.  C.  Young,  in  Proceedings  of  the  3rd 
International  Topi  cal  Conference  on  Higr.  Fewer  Electron 
ai-d  Ion  Ream  Research  ar  1  Technology ,  Novosibirsk,  -SSR, 
iv'h  '.to  be  published)  . 

3p  F.  GCtinger.  J.  Mosher,  S.  A.  Goldstein,  to  be 

•uulished  m  Ph.ys.  Fluias. 

UD.  Golomoant,  et  al,  tr.ese  proceedings. 


'1 C 1  Go  a  !  ir.*  taws  -r  * -n  ream  losses  in.  Plasma 

-  ‘  .  T-L. .  *'r  A.VT  and  3hY.\E  A.  voLI 1.  l.'J  ,  *  , 

'ivnl  :..il  .— riaswt  channels  have  been  proposed  for 

1  k-  r  of  liid.C  ion  beams  .'ron  their  sources  to 

the  'ar"?'.  tnrourh  a  _’r.s  blanket  medium.  These  chan¬ 
nels  .re  Vr-ied  by  1  was  iiacnarge  in  a  ier.se  gas  and 
•lie  'hinnei  current  xi-es  rise  to  an  aii.muthal  magnetic 
f i •»  1 . i  •..ni on  provides  the  initial  confinement  fer  the 
beam  light  ions,  3ta.~  ing  right  after  beam  injection, 
the  charnels  expand  radially  and  electromagnetic  fields 
i  eve  lop  inside  the  cnannei. 

!un  brim  energy  losses  occur  because  cf  electric 
fieijr,  which  develop  inside  the  .hannel  and  bean  inten¬ 
sity  losses  occur  because  of  changes  in  the  initial  aag- 
iivf-ic  field  structure. 

The  electric  field  inside  the  channel  has  three 
main  components:  resistive,  hydrodynamic  and  the 
equivalent  field  due  to  ccllisional  slcvlng-ccvn  of  the 
(■••am  ions.  Fstimaces  for  the  magnitude  of  these  various 
components  will  be  given  and  their  implication  for 
transport  of  the  beam  discussed.  In  particular,  an 
optimum  density  for  the  channel  density  will  be  deter¬ 
mined  from  these  considerations. 

Changes  in  the  magnetic  field  inside  the  channel 
uuf  due  mainly  to  convection  with  the  plasma  channel, 
rstinnte  of  these  changes  will  be  made  and  their 
effects  on  the  deconfi  lement  of  the  ion  beam  discussed. 
Limits  of  applicability  cf  the  various  scaling  laws 
serived  will  alto  be  presented. 

*  JA'Y'T'?,  Alexandria ,  'a.  T'J 2Cb  . 


i)C2  Particle  aeaa  Acceleration  in  Magnetized 
MOVina  prasma*.  SHYKS  A  GOLDSTEIN  and  DEREK  A.  TIDKAN, 
JAYCOR,  Inc. ,  Alexandria,  VA  —  When  magnetized  plasmas 
flow  in  converging  geometries  (such  as  a  z-pmeh)  -hey 
generate  a  combination  or  I  ,  |  field  structure  that 
acts  on  the  majority  of  the  plasma  particles  trapped, 
’ow  energy)  in  a  self-consistent  manner  o-  current  and 
space  charge  distributions.  These  fields  will,  however 
act  differently  on  a  component  of  beam  particles  that 
are  entrapped.  A  very  fast  process  of  energy  delivery 
from  che  heavy,  slow  plasma  to  the  beam  component  wi-u 
take  place  when  the  plasma  converges.  The  inverse  is 
true  for  plasma  expansion.  The  relevant  -ength  and 
time  scales  for  laboratory  plasmas  and  astroonysical 
plasmas  will  be  discussed.  These  include  the  possibil¬ 
ity  of  a  new  accelerator  scheme  to  accelerate  currents 
of  103-10“  A  (electrons  or  ions)  to  vury  hign  enureses. 
Structure  of  needed  plasmas  in  order  to  provide  ■■ 
emitiance  cooling  will  ho  discussed. 

•Part  of  the  !.'RL  Lighc  Ion  3e-»m  work  suru  ortoJ  by  t..e 
rj.3.  Department  of  Energy, 


4P  16  Infers*  Prcfon  5ga»  Transport  In  fast  Z-Ptncfr 
Plasm*  Channels. *  F-.L.  SANOElt,  r.C.  YOUNG,  S.J. 

iTEPHANAKIS,  W.F.  OLIPHANT,  G.  COOPERSTEIN,  SHYKE  A. 
GOlDSTEINt  and  0.  MOSHER,  Naval  Resaarcn  laboratory, — 
Continuing  axoarlmants  In  Intense  proton  seam  Transport 
nav*  concantrarad  on  propagation  In  wa 1 1 -stao 1 1 1 :ea 
plasma  channels  .consisting  of  Z-p Inches  formed  on  a 
tlma  scale  (500  ns)  an  orsar-of-magnltude  faster  tnan 
In  previous  experiments.'  Using  tnls  new  system, 
efficient  transport  of  up  to  4Q0  ^A  or  proton  currant 
has  Been  observed  In  channels  of  1.6,  2.5  anc  a. 5  on 
diameter  over  distances  up  to  1.5  .it.  C-reful  <nui,-s!s 
«f  crompf-Y  Signals  T-vn  fluorine  .n  •».»  :-..,nnei 

Indicates  minimal  particle  and  energy  icu.ei  -..t-i.,.-.  rna 
channel  but  has  uncovered  as  yet  unexplained  proton 
etergy  lasses  In  the  diode  and  focusing  regions.  Pres* 
ent  experiments  on  transport  in  Icng9r  channels  and  nex 
Channel  diagnostics  will  be  discussed. 

‘Hork  supported  by  the  Oeparfnen*  of  Energy. 
fJAYCCR,  Inc.,  Alexandria,  VA  22104 
'F.L.  Sancal,  at  al..  Bull.  Am.  Phys.  Soc.  24,  8,  1031- 
11979).  ' 

4t-  li  t££uuba  uc  dft-  Iu*uaPion  un  [tucHuii  ion 

Beam  Transport  An  S-Qiaunerge  Cb.jr.na  l  a  ■  *  P.F.  arnsaA,t 
5HYK2  A.  GOLDSTEIN,  t  and  0,  MOSitER,  Maval  Research 
Laboratory. --In  order  to  deliver  an  intense  light  ion 
beam  to  a  tarqec,  a  z-d.acberge  channel  can  be  used  far 
transporting  the  beam,  the  ions  are  confined  radially 
by  the  azimuthal  magnetic  field  in  the  channel.  It  the 
beam  is  injected  on-centar  and  parallel  to  the  axis, 
transport  is  azimuthal ly  symmetric  and  stable.  Mon¬ 
parallel  or  off-center  injection,  however,  may  lead  to 
both  particle  losses  ar.u  unstable  transport.  Results 
will  be  presented  which  will  relate  the  severity  of  i 
these  problems  to  the  t.stent  of  the  nonparallal  or 
off-center  injection,  affects  on  beam  bunching  and 
on  the  radial  profile  cf  the  beam  current  density  in  the 
channel  will  sled  be  discussed. 

•Dork  supported  by  the  Department  of  Energy 
tJATCCR,  Alexandria,  VA  22304 

4F  1  Optimizer.-  >a  of  Light  Ion  Beam  Energy  Flux  in 
Low-s  Plasma  Chennula.  0.  0.  COLOIRANT  and  SHYXE  A. 
GOLDSTEIN* ,  Naval  Research  Lab. —Overall  transport 
efficiency  of  ion  beams  in  channels"  can  be  defined  as 
the  product  of  energy  and  currant  density  transport 
sfflciencias  in  the  channels.  The  energy  transport 
efficiency  is  relatively  easy  to  determine  using  binary 
stopping  power  and  S-fieids  generated  in  the  channel. 
Currant  density  efficiency  is  related  to  the  decrease 
in  confinement  and  is  not  as  easily  calculated.  Attempts 
at  formulating  current  density  efficiency  will  be 
described  based  on  changes  in  magnecic  field  profile 
In  the  channel.  Coneequencies  for  overall  transport 
efficiency. will  be  discussed.  .  .  . 

•Jaycor,  Alexandria,  VA  22304 

7R  17  Pott-Transport  Propagation  and  Expansion  of 
Intense  Uqnt-ion  Beams.* r.l.  SANCtU,  S.J.  " 

STEPHANAXIS,  0.  MOSHER,  and  P.F,  OTTINGERf,  Naval 
Research  lab.— Intense  proton  beams  0  Mev,  55  ns )  ex¬ 
tracted  Tram  pinch-reflex  diodes  and  self-focused  to 
30-50  XA/cnZ  have  been  confined  In  wal.l -stabilized  z- 
dlscharge  channels  and  efficiently  transported  uo  to 
5  *.  Recently  the  propagation  and  expansion  of  beams 
exiting  the  channel  Into  a  field-free,  1  Torr  pressure 
drift  space  have  been  studied.  The  exiting  beams  have 
excellent  axl symmetry  and  uniformity  with  no  evidence 
of  fllamentatlon.  Time-integrated  and  time-resolved 
photography  of  beam-channel  and  target  blow-off  plasma, 
along  with  witness-target  damage  and  beam  Imaging  tech¬ 
niques  were  used  to  compare  the  experimental  properties 
of  exiting  beams  with  computations  of  the  transported- 
beam  distribution  function  and  ballistic  orbits.  3oth 
experiment  and  theory  snow  a  Ceoendence  of  the  post¬ 
transport  expansion  on  the  channel  current.  Theoreti¬ 
cal  considerations  also  emphasize  the  importance  of  tne 
radial  current  distribution  on  beam  expansion,  wnlch 
Is  controlled  by  proper  plasma  engineering  In  the 
experiments. 

*<40 rX  supported  by  30 E  and  CNA 
f JAYCOR,  Inc.,  Alexandria,  VA  22304 


3  rinal  Focusing  of  I  tanse  Transoorted  ten  Beams* 

P.F.  OTi INGcRY  .  J.u.  CClCi'uA.vr,  SitTxfA ’  UuLO'STTTfiT^ - 

S.A.  NEGERf ,  and  0.  MOSHER,  Naval  Research  Lacor; :br/-- 
Intense  light-ion  beams  aporooriace  for  Jc?  stuJies 
can  be  individually  transported  to  a  ctitir.on  target  in 
wall  stabillzeo  z-diseharge  channels,  'with  voltage 
ramping  transport  also  oernits  beam  bunching.  H/oro- 
aynamic  and  stability  constraints  associated  with 
transport  are  considerably  relaxed  * f  the  beam  id 
transported  witn  a  radius  a  few  times  larger  than  the 
pellet  radius  (~  0.5).  A  final  focusing  element 
consisting  of  a  snort  few  cm),  high-current  (~  ;oo- 
200  *A),  tapered  z-dlscharge  cell  could  tnen  radially 
compress  the  beam  to  pellet  dimensions  after  transport. 
Jeara  focusing  Is  acnleveo  at  the  xpense  of  Increased 
angular  beam  divergence.  Oetalle.  calculations  of 
final  focusing  cells  will  Le  pres  nteo  including 
studies  of  the  effects  of  focusing  geometry  for  injec¬ 
tion  Into  the  transport  system,  and  the  3g-d1str1bu- 
tlon  In  the  transport  channel  and  focusing  cell.  The 
9g  profiles  are  obtained  from  MHO  code  mooellng  of 
z-dlscharges  for  various  gas  fill  pressures. 

*Vor1t  supported  by  the  Defense  Nuclear  Agency  and  the 
Department  of  Energy.  i 

fJAYCOR,  Inc.,  Alexandria,  VA  22304 


2?*.  .  f]3of-of -RH nclpl e  Experiments  fnr  in  a.,. 
P  SHYltra.  JOLflSTEnT 

YOUNG^nIIw?  s  °*  ,M°SH£S>  S'-’-  STEPHANAXIS.  f.C.  6  * 

In°^n  ^;!  ^eSeareh  LAOOr3t°rv  -  An  experiment  using 
*he  NRL  rxThr"?  ■f°CU?,n9  ce)I  ;s  be1n9  '1e,ded  o'* 
model inn^n? 4  acc8,8rat0r-  The  design  is  based  on 
modeling  of  Ion  beams  extracted  from  pinch-ref!*x 
diodes  Injected  Into  various  focusing  cel  Is  i  An 
increase  in  peak  current  density  of  at  least  a  factor 
of  our  is  predicted  for  the  experimental  parameters. 
The  focusing  cell  consists  of  a  z-discharge  plasma 

1  orl  maSLTed  frC"'’  1  a'"1  ala'  entrance  aoerture  to  ■ 
1  or  2-an  at  a.  over  an  3-cn  length.  Up  to  100  XA 

f.J.ha^3e  ctjrr8nts  '"i11  ^  driven  In  the  charnel  Hit- 
d?aon«fChS  ini  s,,8d°"box  techniques  will  be  used  to 

ta!222t6?S7/22?i!? and  x'r?y  dl0de  ««urw"«  of 

will  be  and  A  lc*a,Pi1a  x-ray  imaging 

w  li  be  used  to  determine  focused  current  density. 

DefensePNuclearbAgency^*?art!,ient  °f  Ener9y  and  :he 

f JAYCOR,  Inc.,  Alexandria,  VA  22304 
oee  previous  abstract 


Measurements  af  tne  Stooping  of  Oeuterons  In- 
Hot  Dense  Plasmas..*  r.C.  fOUNG,  5.  J.  STEPHANAXIS, 
SHYKE  A.  SOLDSTEINf,  and  0.  MQShER,  Naval  Resaarcn  lao. 
The  stopping  power  of  ceuterons  In  hot  dense  plasmas 

iltSe|Hn^aSUrew  i!Sln9  neYtr°"  time-of-fl ight  (TOP) 
with  thin  layered  targets.!  Intense  beams  of  1-Yev 

oeuterons  are  focused  onto  subrange  :mc<  targe** 
consisting  of  a  stooping  foil  coated  . 

rear  with  a  thin  layer  of  C02.  The  To?  if  ;.37JU. 
trons  from  these  two  targets  Is  used  to  aet^.ire  tv 
deuteron  energy  loss  In  tne  stopping  foil  viic.h  is 
eated  by  the  focused  ion  beam  £  50  J/cmO).  Prelim¬ 
inary  results  indicate  tnat  the  stopping  power  is 
enhanced  ccr.oared  to  that  of  a  cold  solid  target 

itopp)^  pc*er  '*  expecteu  «nen  the 
-puny  medium  contains  a  significant  ratio  of  free- 
to-oound  electrons,  'his  ratio  may  be  changed  ex-eri- 
mencally  by  using  different  current-censl ty^beams^or 
stopping  roils,  of  different  atomic  number.  The  results 
of  suen  experiments  will  be  presented  an„  compared 

NayrnBUP?°rted«?y  t>le  0aT’ensa  "uclear  Agency. 
vAYCOR,  inc. ,  Alexandria,  VA  22304 

jf'xn<nl2Un9l-r‘rA'  5bldsta',1«  S.  J.  Stepnanaxis  and 
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2C5  Analysts  of  the  Hose  Instability  Cor  Incense^un 
3eams  Transported  in  Z-Dlscharge  Channels. » 

T7TT OrflscinT  and  SIK-CC  A.  GOLDSTEIN1.  :.aval  RMMr-ti 
Uooraeorv  -  In  order  so  deliver  an  incense  light  ion 
a a am  to  a  target,  a  t-diseharge  channel  can  he  used  .or 
transporting  the  aeon.  The  3Q  field  generated  oy  the 
nee  current  in  :he  channel  initial  channel  currenc) 
provides  for  radial  confinement  of  che  beam.  Such  a 
system  may  he  unstable  to  growth  of  hose-like  pertur¬ 
bations.  3oth  the  self-hose  and  the  resistive  hose 
mechanisms  can  play  important  roles.  The  self-hose 
mecnanism  results  from  the  repulsion  beeveen  the  beam 
current  and  the  oppositely  directed  return  current 
whereas  che  resistive  hose  mechanism  results  .ron  che 
resistive  phase  las  between  oscillations  of  che 
beam  and  ma«necic  axis.  Since  off-center  injection  or 
Che  beam  inco  che  channel  can  lead  co  a  : inice  initial 
oercurbation1',  growth  of  che  mode  on  the  beam  time  scale 
could  disrupc  transport.  Results  will  be  presented  from 
a  stability  analysis  of  the  beam-plasma  system  including 
che  effects  of  conducting  walls,  radial  motion  of  the 
channel  plasma,  perturbations  of  che  channel  conductivity 
and  beam  velocity  spread.  Each  of  these  effects  will  be 
discussed  independent  1'/  in  order  to  clearly  ^determine 
how  eacn  altars  che  benavior  of  the  mode.  Conditions 
far  good  beam  transport  will  be  identified  from  chese 
resales  and  compared  with  ocher  transport  constraints. 

•Work  supported  by  the  Department  of  Energy 
rJAYCOR,  Alexandria,  VA  223C4 

ip.F.  Dttinger,  S.A.  Cvldscein  and  D.  Mosher,  3ull. 

Am.  Pbys.  Sue.  90  i  (!9s0) . 

O.  Mosher,  3.G.  Coiomuanc  and  5. A.  Goldstein  to  be 
pubiisned  in  comments  on  Plasma  Physics  auJ  Controlled 
w  ualQU . 


. 

r 

► 

K. 


>< 

r 


I  r-sTt  !;)H 


z:  i^:nr<jrcr 


4C5  ’-lodwlnr  Svste-  °ecul;  u-onfs  for  Linnr-  t 

Cor.  ‘  i  ngmenr  fusion,*.  0.  MLincR,  'lava!  "!■» _ 

P.r.  CTTiNGER,  Javcor,  Inc.  --  A  moauiar  apprpp-cn  to 
lighT-ion  ICF  emoloys  a  large  number  sf  muirl-",.  pu.sed- 
power  oenerarors  driving  individual  ion  aioces.  T*q 
diooes  are  designed  to  focus  The  tear.s  into  !  -pm  c>3. 
2-discharge  plasma  channels  wnicn  transport  me.-  several 
meters  to  the  vicinity  of  the  pellet.  3y  ra-ping  -he 
accelerating-voltage  oulse,  *he  transporting  teams  are 
bunched  from  the  ~  10  ns  generator  putsa  *o  —  'C  ns 
pel  let-driver  times. 

A  range  of  acceotaoie  modular  system  aa-a-e'ers  has 
been  defined5  by  comoining  constr. ,  nrs  associa*ec  .<  i  tn 
focusaD  i  l  i  ry ,  transport,  MhO-c.nani  ol  response-,  team- 
target  overlap  and  deposition,  Mira  the  analysis  is 
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refined  by  including  stability  effects^  and  cathode-foi I 
scattering.  Collisions!  stao i I i zat i on  of  boam-piasma 
two-stream  modes  requires  a  factoi — of-two  increase  in 
channel  density  above  that  desired  for  minimum  beam 
energy  loss  during  transport.  The  shaded  region  in  the 
figures  indicates  the  parameter  space  which  satisfies  the) 
full  set  of  constraints.  The  quantity  P  Is  the  modular- 
beam  power  aT  The  diode  and  R/F  (the  ratio  of  anode 
racius  to  focal  length)  is  tna  maximum  ion  injection 
angle  into  the  transport  channel.  The  oeam  divergence 
for  focusing  from  R  to  spot  radius  rs  is  determined  from 
40  *  2  (rs/R)(R/F)  so  that  multi-TW  focusing  diodes 
must  achieve  40  ^  .02  radian.  Diodes  with  ocorer 
focusing  qualities  may  be  adequate  if  the  transporting- 
Oeam  enargy-loss  constraint  can  be  relaxed  using 
dynamical ly-imploding  channels4  rather  then  those  which 
are  staTic  at  the  time  of  beam  injectior. . 

‘Suppc.-fed  by  the  Defense  Nuclear  Agency  and  the 
Department  of  Energy 

'0.  Mosher,  D.  G.  Colcmbant,  and  Shyka  A.  Goldstein, 
Comments  In  Plasma  Physics  6,  No.  3  (1930). 

^0.  G.  Colombant,  Shyke  A.  Goldstein  and  D.  Mosher, 

PPL  £5,  1253  (  1930) . 

JP.  F.  Ortinger,  D.  Mosher  and  Shyke  A.  Goldstein, 

Pbys.  Pi.  22,  332  (1979)  and  24,  164  (1931). 

Shyke  A.  Goldsts'n  and  D.  A.  Tidman,  Proc.  IEEE 
international  Cunf.  an  Plasma  Scl. ,  May  1930,  Maaiscn, 

Wl,  p.  95.  Also,  0.  G.  Colcmbant,  these  proceedings. 
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4C3  Determination  of  che  Stooping  of  Incense  Deuteron 
3gama  in  a  Plasn3.*  r.  C.  YOUNG,  SKYKE  A.  GOLDSTEIN  , 

S.  J.  STEFHANAKIS,  and  D.  MOSHER,  Naval  Research 
Laboratory  — •  The  stopping  power  of  intense  ion  beams 
in  a  plasma  target  may  differ  significancly  from  the 
stopping  power  of  single  particles  in  a  cold  target. 

As  the  plasma  is  heated,  the  number  of  free  electrons 
In  the  plasma  increases,  thereby  altering  the  energy 
loss  of  energetic  ions  in  the  pl..sma.  For  high  current 
denslcy  beams,  the  overlap  of  wai.es  chat  single  ions 
generace  in  the  plasma  may  result  in  enhanced  scopptng. 
The  increased  stopping  power  exp.  cted  under  chese 
conditions  may  produce  energy  deposition  profiles 
different  from  those  previously  assumed  for  incense 

Ion-beam  drivers  of  inertial— confinement— fusion  targets. 
In  this  presentation,  a  technique  tor  measuring  the 
energy  loss  of  incense  deucoion  beams  in  heated  plasmas 
will  be  presented.  Also,  che  results  of  feasibility 
experiments  and  preliminary  energy-loss  measurements 
will  be  described. 

The  technique  is  based  on  using  neucron  cise-of- 
flight  (TOF)  wich  che  d(d,n)-He  reaction  to  determine 
the  deuteron  energy.  An  incense  burst  of  1  to  2  MeV 
ieucarona  is  focused  co  10^  co  10-^  kA/cm^  ones  a  sub- 
range  layered  target.  The  cargec  consists  of  a 
stopping  foil  which  is  coated  on  front  and  tear  wi.cn  a 
Chin  layer  of  deucerated  polyethylene  (CDi) •  The  TOF 
oc  neutrons  from  these  two  CDj  targets  is  used  to 
determine  the  deuteron  energy  loss  in  che  stopping  -aij. 
which  has  been  heated  by  che  incense  ion  beam. 

This  technique  has  several  attractive  features. 
DBecause  neucron  signals  from  the  two  CDi  cargoes  can 
be  separated  by  TOF,  che  energy  loss  can  be  measured 
wich  only  one  shot.  2) If  che  deuteron  energy  loss 
increases  in  the  heated  plasma  (as  expected),  Che 
neutron  signals  will  be  easier  to  resolve  because  their 
separation  in  time  will  increase.  3)Concribucicns  to 
the  neucron  signals  from  che  low  intensity  outer  region 
of  che  beam  are  reduced  because  che  neutron  output 
scales  wich  che  deuteron  intensity.  4)rinally,  the 
ratio  of  neucron  yields  from  the  two  CDn  targets  can 
provide  an  independent  determination  of  che  energy  loss 
if  che  thickness  of  these  two  tatgecs  is  known. 

Feasibility  experiments  with  layered  targets  have 
been  carried  out  on  the  Gamble  II  generator  ac  NHL,  Thu 
interaction  of  a  deuceron  beam  wich  a  1.3--im  tr.ick  ^C02 
target  has  produced  a  neutron  TOF  pulse  of  30  ns  r.wi>l, 
which  is  characteristic  of  the  duration  of  deuteron 
emission  from  the  ion  diode.  For  such  pulse  widths, 
neutron  3ignal3  from  COj-layered  targets  can  be 
resolved  for  stopping-foil  c'r.icknesses  corresponding  co 
several  hundred  keV  energy  loss.  The  results  of 
preliminary  experiments  with  such  CD >- Layered  mylar 
cargecs  will  be  discussed. 

’Work  supported  by  che  Defense  Nucltir  Ag.-.c/ 
t JAYCCR,  Inc.,  Alexandria,  VA  22304 


4Q4  Plasma  Channels  for  Transport  of  Incense  Ion  I 
Beams .  *  F.  L.  SANDEL,  JAYCOR,  Ir.C.,  Alexandria.  VA  2230< 

Experiments  have  been  performed1'^  ac  the  Naval 
Research  Laboratory  on  the  Gamble  X  and  Camble  II 
generators  which  have  demonstrated  efficient  transport 
of  proton  beams  of  intensities  c:  up  to  50  kA/cm-.  The 
media  for  beam  transport  have  been  wall-stabilized 
plasma  channels  preformed  by  capacitor  bank  discharges 
of  ~  50  kA  in  1-2  T  of  gas.  Channels  are  formed  in  a 
compact,  low  inductance  coaxial  geometry  wich  che 
discharge  struck  along  an  aluminum  oxide  insulacing 
liner.  Methods  of  channel  coupling  have  been  developed 
and  tested  co  allow  future  construction  of  long  modular 
transport  systems. 

Transport  has  been  studied  in  channels  of  1.6  cm 
to  4.5  cm  dia.  and  over  distances  of  2.5  m.  Since  che 
dynamic  state  of  the  channel  (which  is  in  actuality 
a  long  z-pinch)  may  be  extremely  important  to  the 
transport  process^,  recent  work  has  been  expanded  to 
include  detailed  study  of  the  plasma  physics  of  the 
channels.  Ultimately  a  complete  picture  of  plasma 
current,  density,  and  temperature  profiles  and  plasma 
conductivity  in  the  channels  is  anticipated.  Firsc 
efforts  have  concentrated  on  examining  the  time 
dependent  magnetic  field  structure  of  che  channel  over 
a  wide  range  of  fill  pressures  and  capacitor  bank 
voltages.  The  z-pinch  Implosions  have  been  found  co  be 
remarkably  reproducible  and  symmetric  without  resort  co 
preionization  or  precise  mechanical  tolerances. 

For  sufficiently  intense  ion  beams,  a  strong 
channel  response  is  expected.  In  experiments  to  dace, 
beam  passage  has  had  only  minor  effects  on  the  channel 
properties.  These  measurements  are  being  continued 
with  improved  diodes  which  allow  ion  beams  of  higher 
intensity  co  be  injected  inco  che  channels. 


*Work  performed  at  che  Naval  Research  Laboratory  and 
supported  by  che  Department  of  Energy 
IF.  L.  Sandel,  £Cal,  Bull.  Am.  Phys.  Soc.  24,  3,  1031 
(1979). 

^F.  C.  Young,  ££  al..  Bull.  An.  Phys.  Soc.  _2£>  8,  1031 
(1979). 

^F.  L.  Sandel,  al ,  Bull.  Am.  Phys.  Soc.  25^,  8,  900 
(1980). 

4D.  C.  Coloir.bant,  £t  al_,  these  proceedings. 
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4A8  Stabi  1  ity  rj^strainc-;  an  Transferred  Linot-ion 
Seams.  *  T7  r.  3TT  InGcA' ,  0.  MOitiE*  A.NG  liiitE  A.  ’ 

GOLDSTEIN*,  Naval  Research  laboratory,  Nashingtcn,  0C 
20375--lntensa  ligr.t-ion  team  transport  in  z-alscr.ar.je 
channels  provides  accelerator  standoff  from  ICE 
targets  and  allows  time-of-fl  ight  bunching  of  the  beam 
to  higher  intensity.  Stability  constraints  combined 
with  channel  expansion  and  beam-energy  loss  constraint 
define  an  operational  window  for  ion  transport.  The 
stability  constraints  are  derived  from  the  requirement 
to  avoid  significant  growth  of  the  electron-beam  ion 
two-stream  instability,  tie  beam-fi lamentation 
instability  ^nd  the  chann  il -fi 1 amentati on 
instability.-  The  channel -expansion  constraint  result 
from  demanding  that  the  d<8-driven  radial  expansion  of 
the  channel  occurs  og  a  time  scale  longer  than  the 
beam-pulse  duration.  Finally,  the  beam  energy -loss 
constraint  requires  that  no  more  than  255  of  the  beam 
energy  is  lost  during  transport. 

The  constraints  have  been  derived  for  arbitrary 
beam-ion  species  in  order  to  evaluate  the  advantages  o: 
higher-atomi c-wei ght  ions.  The  beam  energy,  beam 
radius  and  .channel  density  are  also  free  parameters 
whicn  have  been  varied  in  order  to  determine  their 
effects  on  the  operational  window.  !n  all  cases,  the 
channel  gas  was  taken  as  deuterium.  This  allows  the 
use  of  a  simple  mode!  for  channel  heating  and  nas  the 
advantage  of  reduced  radial  acceleration  due  to  the 
passing  beam  at  the  same  stopping-power  as  hydrogen. 

Results  for  beams  of  H+,  O'*",  He+2  and  will  be 
presented  wnich  shew  that  a  larger  operational  window 
exists  for  the  higher-atomic-weight  species.  This  is  3 
consequence  of  their  lower  currents  at  equivalent 
transported  power  levels.  Lower  currents  relax  the 
filamentation  constraints  thereby  allowing  stable 
transport  of  lower-angular-divergenca,  i.e.  higher 
brightness,  beams.  Raising  the  channel  density  above 
the  optimum  for  minimum  beam-energy  loss  during 
transoort  relaxes  the  two-stream  and  channel  - 
filamentation  stability  constraints  and  the  channel- 
expansion  constraint  while  only  slightly  modifying  the 
energy-loss  constraint.  Increasing  the  beam  radius 
relaxes  the  two-stream  stability  constraint  and 
considerably  reduces  the  channel -expansion  and  beam 
energy-loss  constrains.  This  results  from  the 
reduced  Jx3  forces  and  smaller  MHO-generated  axial 
electric  fields  which  are  present  when  the  beam  current 
is  spread  over  a  larger  area.  All  constraints  are 
relaxed  fjr  a  higher  particle-energy  beam  because  of 
increased  stiffness  and  lower  current.  Target- 
deposition  requirements  limit  the  partid e-energy  range 
useful  for  different  ion  species. 

It  Is  determined  that  mul ti -terawatt  oeams  can  be 
transported  a  few  meters  in  Urge-radius  chanr.eTs.  If 
time-of -fl i ght  bunching  during  transport  and  final 
focusing  after  transport  are  employed,  esi  than  10 

(anu  si  few  as  4)  channel  s  ar..-  i  i  r » • : i  r,  ■.  ; :  . 

power  rei-iiuj  to  ignite  j  jell.'.. 

Ur.ry.  -.ujvorte.t  hy  -.he  lie  fen-:.-*  Nuclear  An.  n.y  an.!  ?•»* 

„  if 1'.  Of  Energy,  ..'us.iif.  ;Lii,  X 
4  ?l"eS.:MC  nidrfaSS:  J.AYCJR ,  Inc .  ,  Alnxan'rtj,  i.\ 

'  F.  3t  linger,  y.  A.  Goldstein  a.-,.:  .0.  “usner, 

2  'Vm  Report  454;*,  July  1  . 

9.  Masher,  0.  ,g.  Colomoant  and  S.  A.  Goldstein 
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3ome  Theoretical  Aspects  of  Light  Ten  3ccm 
Transnorc  in  Z-Discharte  Channel*.  ?.  F,  OTTING'dR., 
JAfCOR,  Alexandria,  VA  —  The  use  of  light  ion  beams 
for  inertial  confinement  fusion  has  recently  drawn  a 
great  deal  of  interest.  Target  designs  for  light  ion 
beam  drivers  call  for  delivery  of  several  megujoulas  to 
a  centimeter  diamecer  pellet  on  a  10  ns  time  scale  in 
order  to  achieve  high-gain  thermonuclear  ignicion. 

Present  pulsed-power  technology  can  provide  10  TW 
generator  modules,  each  capade  of  delivering  3G0  kJ  of 
light  ions  in  50-100  ns.  Thus,  a  large  number  of  mod¬ 
ules  and  the  means  to  transport  energy  from  these 
modules  onto  the  pellet  are  needed.  Additionally,  com¬ 
pression  of  pulses  to  the  pellet-implosion  time  scale  is 
required. 

One  method  for  transporting  ions  involves  che 
Injection  of  focused  ion  beams  extracted  from  self- 
insulated  pinch-reflex  ion  diodes  into  z-dischargo  trans¬ 
port  channels .  During  transport,  time-of-flighc  bunening 
of  the  beam,  produced  by  ramping  die  accelerating-voltage 
waveform,  can  compress  che  puise  to  the  pellet-implosion 
time  scale  and  enhance  che  beam  power.  Additional  power 
density  multiplication  can  also  be  obtained  from  rauiai 
compression  of  the  beam  by  capering  the  channel,  here, 
some  theoretical  aspects  of  light  ion  beam  transport  in 
such  z-discharge  channels  'will  be  discussed.  In  partic¬ 
ular  two  problem  areas  will  be  addressed:  (1)  possible 
growth  of  plasma  modes  driven  unstable  by  the  relative 
streaming  motion  of  the  different  plasma  species  and 
the  beam,  and  (2)  the  effects  of  non-ideal  channel 
structures  on  beam  propagation.  The  limits  sec  by 
cheee  considerations  on  beam  focusing,  transport  and 
bunching  will  be  of  primary  interest. 

Results  from  micro-stability  analysis  for  boch 
electrostatic  and  electromagnetic  modes  will  be  pre¬ 
sented  which  show  chat  channel  parameters  can  be  chosen 
which  allow  beam  transport  without  fast  electrostatic 
wave  growth.  Slower  growing  electromagnetic  instabili¬ 
ties  probably  will  occur  and  could  lead  to  plasma  cur¬ 
rent  filamentation  that  could  effect  the  tail  of  the 
beam.  The  extent  of  this  filamentation  and  the  effects 
it  will  have  on  ion  beam  propagation  will  be  discussed. 

Beam  propagation  in  an  ideal  channel  will  be 
described  and  compared  with  propagation  in  non-ideal 
channels.  For  an  Ideal  channel  3g-r/rc  and  the  channel 
radius,  rc,  does  noc  vary  with  axial  position.  It  che 
channel  is  subject  to  sausage  typo  instability 
(rc*rc (z)]  before  beam  injection,  Chen  radial  expansion 
of  the  beam  can  result.  The  excenc  of  this  beam  expan¬ 
sion  will  be  discussed  as  a  function  of  the  wavelength 
and  level  of  bumpiness  in  che  channel.  The  effects  on 
beam  propagation  of  steeper  magnetic  field  gradients 
(Bqr-(r/rc)n,n>l) ,  and  small  electric  fields  wi',  i  i  so 
be  considered.  These  fields  arise  duo  to  cue  MUD 
response  of  the  channel  to  beam  passage. 

The  constraints  chat  will  he  J ;  sou- . .  indicate 

chat  ion  current  densities  of  I  MA/c;i.-  cun  '.c  focused 
and  transported  in  each  arm  of  a  modular  Lignc  ion  tgni- 
Cion  system.  New  plasma  techniques,  which  may  allow 

higher  current-density  transport,  include  imploding  z- 

|  .  *1 

pinches1  and  a  cinal  focusing  stage-, 

*V/ork  supported  by  U.S.  Oeuartmcnc  of  energy  as  part  of 
the  Naval  Research  Laboratory  Light  Ion  :’.enm  Program. 

^S.  A.  Goldstein  and  D.  Tldman,  these  proceedings. 

»?.  r.  Octinger,  ‘d .  A.  Goldstein  and  D.  Mosher,  chose 
proceed inqs . 


7A  2  lnurua  Light-ion  Beun  Tr  import  in  Z-dischsrgs  Plum*  Chsnnslt.*  F.  L.  SANOEL,  JA  YCOR,  Inc.,  Altxtndnt,  Vi 

For  Mvsral  ysars  the  Naval  Raiaarch  Laboratory  hat  studied  xsthoda  of  transporting  intenaa  light- 
ion  be-uas.  This  work  was  motivated  by  tha  need  to  a)  provide  standoff  protection  for  the  ion 
diode(s)  b)  allow  close  packing  of  sultipla  generators  around  a  common  target  ohaxi-er  and  c)  facili¬ 
tate  tiae-of-fiight  bunching  of  tha  ion  bean.  Tha  most  successful  efforts  havo  U3ei  e  v,ill-scabi- 
liaxed  Z-discharga  plasma  channel  for  transporting  focused  ion  beams,1-  The  ciinnr.el  ti'.'.'.oj  provides 
for  charge  and  currcnt-neutrali2aticn  of  the  bsoja  which  is  therefore  confined  ui  tha  channel  by  the 
axiauthal  magnetic  field  generated  by  tha  externally  applied  channel  current.  Beams  cf  up  to  -',10 
kA  total  current  and  up  to  50  kA/c»z  currant  density  have  been  transported  in  such  channels  with 
essentially  no  particle  loas  and  only  the  expected  classical  particle  energy  losses.  Adoption  of  a 
modularized  channel  configuration  has  permitted  beam  transport  o-ar  distances  up  to  5  meters. 

Recant  work  has  Included  study  of  tha  plasma  phyuics  of  the  channel  itself  and  Che  effect  of  enamel 
transport  on  beam  quality  and  brightness.  Theoretical  work  has  rcr.nidarsd  cho  stability  of  the  oeam- 
channel  system  and  the  modification  of  the  channel  by  the  very  intense  beams  luring  beam  passage, 
predicted  beam  ir.ceneity  levels  for  strong  be«ui-channel  interaction  are  sufficiently  high  so  chat 
sttouy  interactions  are  not  expected  in  current  experiments  or  in  ar.v'.c-ipncod  modular  system  ‘aligns. 
Cicarvacions  of  posc-cransporcf leld-fraa  propagation  and  expansion  of  tha  beam,  showing  no  d 
daclon  of  beam  quality,  agree  well  with  theoretical  predictions.  Continuing  and  future  wort, 
beam  transport  and  handling  will  also  discussed. 

*Work  performed  at  the  Naval'  Research  Laboratory  and  supported  by  tha  Department  of  Znergy  a  ...u 
Defense  Nuclear  Agency, 

If.  L.  Sendai,  at  al.  Proc.  4th  Int.  Topical  Canf .  on  High-Power  Slectron  and  Ian  Beam 
Research  and  Technology,  Palalaeau,  France,  July  1981. 
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Hvdrodvnom i cs  of  Fair  Z-P inches  Interaction  with 
Propagating  Ion  i.tvims*.  0.  G.  COLCMBANT,  SHYkE  A. 
oOlDSTEINf,  0.  MOEHcR  and  F .  L.  SANCELf ,  Naval  Research 
Laboratory  —  The  propagation  of  Inranse  ion  beams  in 
plasma  channels  has  a  drastlcal ly-di f farant  character 
wnen  the  plasma  medium  is  a  fast  z-pin'ch  rather  than  a 
diffusa  slow  pinch  at  the  time  of  beam  injection.  In 
both  cases,  the  ion  beam  is  magnetically  confined  and 
can  propagate  several-mater  distances.  The  ion  currents 
that  can  propagate  and  the  energetics  of  the  beam-plasma 
system  are,  however,  different.  The  fast- imploding 
pinch  can  transfer  energy  to  the  ion  beam  via  an  MHQ- 
induced  electric  field  3nd  its  radial  momentum  delays 
expansion  due  to  beam  pressure  so  that  longer  ion-Deam 
pulses  can  propagate.  The  diffuse  z-pinc.n  expands  wnen 
tne  ion  beam  is  injected  into  the  plasma  and  the 
expansion  produces  an  aiectric  field  which  retards  the 
beam.  The  expanded  channel  reduces  Tne  propagated 
current  density. 

A  detailed  analytic  analysis  of  *he  diffuse  pinch 
sets  limits  on  the  ion  seem  current  and  pulse  duration 
which  can  oe  prcpagatac.  The  analysis  predicts  opti¬ 
mized  densities  for  the  background  piasma  to  be  used 
for  a  given  ion  beam.  Fast  c-pincn  formation  prior  to 
beam  injection  Is  studied  with  an  inductive  model  that 
couples  tha  capacitive  energy  store  to  a  radiating, 
imploding  plasma.  The  results  are  comoared  +o  ongoing 
pinch  experiments,  using  an  MHO  model'  of  the  peam- 
plasma  system,  an  Ion  beam  is  injected  into  the  plasma 
and  the  dynamic  response  is  determined  numerically. 
Regimes  of  ion  beam  acceleration  are  thus  predicted. 

The  detailed  structure  Gt  the  piasma  fields  will  be  pre¬ 
sented  ana  contrasted  wirn  simple  analytic  theory2  0r 
ion-beam  acceleration  in  imoloding  c-pinches.  Prelimi- 
nery  experimental  data'  indicating  ion  beam  acceleration 
will  be  compared  to  the  theoretical  predictions. 

*Worx  supported  by  the  Defense  Nuclear  Agency  and 
tne  Department  of  Energy 
JJAYC3R,  Inc.,  .Alexandria,  VA  22JOd 
D.  3.  ColoirPant,  Shyke  A.  Goldstein  and  0.  Mosher 
Rhys.  Rev.  uett.  ,  1 25 3  (  i 930 > . 

zShyke  A.  Colcstein  ano  Terek  A.  Tidnjn,  l££c  inT-  Con f . 
on  Plasma  $ci.,  4C2 ,  56  (1530). 

^r.  l.  Sandel,  9t  a]_,  bull.  Am.  Phys.  See.  25  3C0 
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PROPAGATION  OF  RELATIVISTIC  ELECTRON  BEAMS 
IN  CURRENT-CARRYING  PLASMA  CHANNELS 
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I.  INTRODUCTION: 

The  propagation  of  relativistic  electron  beams  in  plasma  channels 
has,  in  the  last  decade,^"  1  received  considerable  interest  due  to  its 
applications  for  energy  transfer  and  pellet  fusion.  A  rough  division 
of  this  effort  may  be  made  by  characterizing  the  electron  beam  as  hot 
or  cold.  In  both  cases,  the  relativistic  electron  beam  propagates  in 
a  plasma  having  a  self-consistent  azimuthal  magnetic  field  which 
confines  the  electrons  radially.  The  necessary  magnetic  field  for 
hot  beam  (electrons  injected  with  a  large  mean  angle)  propagation  is 
given  by  Alfven's  treatment  of  electron  orbits  which  yields  the  con¬ 
dition  that  the  net  current  inside  the  beam  radius  must  be  m  the  same 
direction  as  the  beam  current  and  nearly  equal  to  the  Alfve.n  current 
for  the  energy  of  the  relativistic  electrons 
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On  the  other  hand,  for  relatively  cold  beams  (mean  angle  of  injection, 
9  <  <  1) ,  the  sane  treatment  indicates  that  the  current  needed  is  only 
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In  order  to  propagate  1  MeV  electrons  with  a  10°  mean  injection 

angle,  cne  needs  only  about  I  kA  of  net  current  in  the  channel 

compared  to  the  50  kA  of  net  current  needed  for  hot  beam  propagation. 
Manuscript  submitted  Juiy  15,  19S0 


For  typical  beam 


currents  of  a  few  hundred  kiloamperes  injected  into 
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plasmas  at  densities  of  the  order  or  10  cm  ,  the  return  current 
induced  in  the  plasma  is  nearly  equal  to  the  primary  beam  current 
leaving  net  currents  of  the  order  of  1%  of  the  beam  currents .  The 
remainder  of  the  return  current  flows  outside  of  the  beam  radius. 
The  resuiting  net  current  of  a  few  kiloamperes  within  the  beam  radius 
is  sufficient  to  propagate  relatively  cool  beams  (as  discussed 
above)  but  is  insufficient  for  the  propagation  of  a  hot  beam. 

Other  meats  for  providing  the  needed  net  current  must  therefore  be 

utilized  for  hot  beam  propagation.  Historically,  these  included 

5  6  7 

2-pinch  plasmas  ,  and  axial  discharges  via  exploding  wires.  ' 

In  the  present  work,  we  describe  an  experimental  and  theoretical 

study  into  the  physios  of  the  propagation  of  hot  beams  in  plasma 

discharges  driven  by  an  exploding  wire.  Our  work  is  an  extension 

„  ..  6,7  .  .... 

or  previous  worx  at  Sandia  into  a  regime  or  nigner  ream  currents 
(up  to  300  kA  injected)  and  investigating  the  effect  of  channel 
current  and  diode  voltage  on  beam  propagation.  In  the  theoretical 
study,  we  investigate  the  effects  of  scattering  and  axial  electric 
fields  cn  electron  orbits  as  well  as  the  limitations  on  the  maximum 
beam  current  and  beam  current  density  that  can  be  propagated. 

II.  EXPERIMENTAL  APPARATUS  AND  OBSERVATIONS: 

The  experimental  results  of  the  present  work  were  obt.air.ed  cn 
the  GAMBLE  I  (300  k V,  220  kA,  80  ns  FWHM)  and  GAMBLE  II  (1CCC  kV, 

420  kA,  50  ns  FWHM)  electron  beam  facilities.  A  schematic  of  the 
experimental  apparatus  is  shewn  in  Figure  1.  An  34/39  mm  (C.D./I.D.) 


» 
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was  used.  The  anode  was  a  1.5  nun  chick  brass  place  wich  a  20  am  diamecer 
hole  on  axis.  The  hole  was  beveled  ac  30°  on  Che  caChode  side  and  sanded 
co  provide  a  smooch  cransicion  region  for  Che  radial  eleccron  flow.  The 
hole  was  covered  wich  a  25  ym  cicanium  foil  which  was  boch  ground  plane 
and  vacuum  window.  ImmediaCely  behind  Chis  was  mounced  a  20  ym  aluminum 
foil  on  which  a  51  ym  CungsCen  wire  was  affixed.  The  wire  was  screeched 
in  air  from  che  cencar  of  Che  foil  through  the  aluminum  target  plate, 
located  30  to  64  cm  away,  co  a  56  uf,  2.4  yh  (cotal  circuic  induccance), 
20  kV  capacitor  bank.  A  "squirrel  cage"  of  aluminum  rods  and  rings 
served  as  a  symmetric  current  return  for  che  channel  current.  This 
bank  could  drive  a  peak  current  of  50-80  kA  (occurring  approximately 
15  ys  into  Che  pulse)  in  an  air  plasma  surrounding  the  wire. 

The  experimental  diagnostics  included  diode  voltage  and  current 
monitors;  time  integrated  hard  x-ray  pinhole  cameras  looking  at  the 
anode,  plasma  channel,  and  target;  open  shutter  visual  photography 
of  the  channel;  time  resolved,  calibrated  x-ray  p-i-n  diode  detectors; 
and  and  Rogowski  coils,  monitoring  the  channel  current.  In  addition, 
a  depth  dose  stack  utilizing  thermoluminescent  detectors  were  used  to 
obtain  the  peak  kinetic  energy  of  che  transported  electrons. 

Streak  camera  measurements  of  the  plasma  channel  over  the  times 
of  interest  allowed  us  to  determine  the  channel  radius  at  the  time  of 
beam  injection.  This  was  verified  by  the  time  integrated  x-ray  photo¬ 
graphs  of  the  channel.  The  channel's  resistance  was  measured  by  the 
shift  of  the  frequency  of  the  ringing  channel  currant  from  its  zero 
resistance  value  —  measured  by  replacing  the  wire  with  a  1.5  cm  diam¬ 
ecer,  low  resistance  (<  500  yft)  conducting  rod  —  and  by  the  current 
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decay  time.  Using  an  average  channel  radius  (rsl.6  cm)  allows  one  to 


estimate  the  channel's  conductivity,  C  =  2  x  10^"*  s  \  from  which  a 
temperature,  1=2  eV,  was  inferred.  These  parameters  are  consistent 

g 

with  theory.  The  chemical  composition  of  the  plasma  channel  is 
however  unknown . 

On  GAMBLE  I,  the  channel  currant  was  varied  from  about  —  I 

2  a  to 

2  1^,  while  the  anode  hole  (which  limited  the  maximum  injection  radius) 
was  varied  from  less  than  to  greater  than  the  channel  radius.  Propa¬ 
gation  was  successful  only  when  the  channel  and  beam  currents  had  the 
same  direction,  in  agreement  with  the  theoretical  prediction.  In  addi¬ 
tion,  it  also  became  obvious  that  a  crucial  element  of  the  experiment 
was  the  diode-channel  interface.  It  was  observed  that  any  asymmetrical 
magnetic  field  at  the  target  location  caused  a  distortion  in  the  elec¬ 
tron  distribution  ac  the  target.  The  inference  to  a  similar  affect  at 
the  diode-channel  interface  is  made  even  more  important  as  any  current 
feed  assyraetry  at  the  diode-channel  interface  could  result  in  stray 
magnetic  fields  in  the  diode  which  could  affect  not  only  the  beam  in¬ 
jection,  but  also  the  diode  physics. 

Table  1  documents  some  GAMBLE  I  shots.  Shown  are  the  peak  diode 
voltage  and  current;  the  channel  currant  and  radius  (determined  from 
the  beam  injection  time  and  the  plasma  expansion  velocity  -  about 
0.3  mm/us  -  and  confirmed  by  visual  streak  photography);  the  next 
column  shows  r  ,  the  radius  which  enclosed  the  Alfven  current;  the 
final  columns  show  the  radius  of  front  surface  damage  r^,  and  the 
radius  of  the  back  surface  spall  r_. 


Figure  2  shows  the  diode  voltage  and  current  and  the  target  x-rays 
for  Shot  5700  on  GAMBLE  I.  Thermoluminescent  detectors  allowed  us  to 
obtain  an  electron  kinetic  energy  loss  in  the  anode  foil  and  plasma 
channel  of  80  keV.  Using  this  energy  loss  and  the  diode  voltage  gave 
the  energy  of  the  electrons  striking  the  target.  The  collimated  p-i-n 
detector  looked  at  the  central  3.5  mm  radius  of  the  target.  From  the 
electron  energy  and  the  p-i-n  signal  we  calculate  that  at  70  ns  it  saw 
a  current  of  22  kA.  Extrapolating  the  inferred  current  density  out  to 
the  spall  radius  implied  a  propagated  current  of  145  kA.  This  is  out 
of  195  kA  of  electron  current  in  the  diode  (220  kA  total  diode  current  - 
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25  kA  ion  current  computed  using  the  Goldstein-Lee  formula  )  or  a 
propagation  efficiency  of  74%. 

On  GAMBLE  II,  there  was  no  parameter  study  done,  rather  the  goal 
was  to  propagate  a  high  beam  currant  and  beam  current  density.  On  four 
shots,  calibrated  x-ray  p-i-n  detectors  indicate  that  more  than  200  kA 
of  electrons  propagated  in  the  channel.  In  addition,  a  fifth  shot  is 
believed  to  have  propagated  more  than  200  kA  based  on  a  comparison  of 
target  damage  with  known  shots. 

On  GAMBLE  II,  we  also  viewed  the  wire  channel  independently  with 
another  p-i-n  detector.  It  indicated  that  an  energy  equivalent  of  less 
than  20  kA  of  electrons  were  lost  in  the  plasma  channel.  This,  however, 
is  an  upper  limit  as  it  assumed  that  the  primary  collisions  occurred 
between  the  electrons  and  the  Z  ~  7  plasma  channel  not  the  Z  ~  74 
tungsten  wire. 
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Figure  3  shows  the  diode  voltage  and  current  for  GAMBLE  II  Shot 

1799.  In  addition,  the  calibrated  p-i-n  signal  is  shown.  Its 

peak  signal  corresponds  to  a  current  of  approximately  160  kA. 

Since  the  p-i-n  viewed  only  the  center  5.3  mm  radius,  this  indicates 

2 

an  average  current  density  over  this  region  of  about  ISO  kA/cn  . 

From  the  x-ray  pinhole  photograph,  the  area  of  the  target  x-rays 

2 

(FWHM)  was  determined  to  be  approximately  1.6  cm  and  the  total  propagate 
current  to  be  about  2S0  kA.  This  is  out  of  a  diode  electron  current 


of  330  kA  (420  kA  total  diode  current  -  90  kA  diode  ion  current)  or 
an  efficiency  of  approximately  35%.  Two  other  shots  gave  propagation 
efficiencies  over  50%,  one  of  which  had  the  p-i-n  looking  at  the  whole 
target  plate  and  giving  255  kA. 

As  a  final  note.  Figures  4  and  5  show  the  respective  x-ray 
pinhole  photographs  for  the  shots  described  above.  At  the  top  of 
Figure  4  is  a  photograph  taken  with  two  different  pinhoies  the  lower 
providing  greater  resolution.  (Since  the  wire  itself  appeared  as  a 
line  source, the  size  of  its  image  provided  a  measure  of  the  resolution.) 
■On  the  left,  electrons  striking  the  edge  of  the  hole  in  the  brass 
anode  produced  the  annulus  surrounding  the  x-ray  image  of  the  pinched 
beam  passing  through  the  titanium  anode  foil.  In  the  top  image,  the 
x-rays  produced  by  electrons  in  the  plasma  channel  can  be  seen.  The 
target  is  not  seer..  At  the  bottom  of  Figure  4  is  a  photograph  taken 
with  another  pinhole  camera  which  shows  the  entire  system  from  left 
to  right.  Since  the  target  was  closer  to  the  camera  than  the 


the  anode  with  the  inner  halo  corresponding 
plasna  channel.  At  the  center  of  the  anode 
pinched  bean  while  at  right  can  be  seen  the 
they  strike  the  target.  Figure  5  shows  the 
for  GAMBLE  II  Shot  1799.  The  circular  ring 
shine-through  while  the  crosshairs  used  for 
absence  of  exposure. 


to  an  end-on  view  of  the 
is  an  inage  of  the  injected 
inage  of  the  electrons  as 
propagation  of  electrons 
around  the  target  is  pinhole 
alignment  are  seen  as  an 


III.  THEORETICAL  CONSIDERATIONS: 

The  problem  of  relativistic  electron  flow  in  plasmas  heated  before 
beam  injection  has  been  treated  at  length  in  the  literature.^  Most  of 
the  treatments  were  concerned  with  the  plasma  current  response  to  the 
injected  beam  current.  Two  effects  were  neglected. 

First,  the  conducting  plasma  has  a  finite  radius,  outside  of  which 
there  exist  only  low  conductivity,  cool  air  (theoretical  models  assumed 
high  conductivity  at  all  radii)  and  thus  the  total  return  current  is 
forced  to  run  in  the  conducting  plasma  due  to  the  voltage  increase  on 
the  target  for  the  relativistic  electron  beam  -  this  electrostatic 
effect  was  not  included  in  previous  theoretical  work  which  included 
inductive  effects  only.  The  fact  that  the  return  current  is  forced  to 
run  in  the  plasma  also  explains  why  the  3-  loop  placed  outside  the 
plasma  (in  both  our  and  the  Sandia  experiments)  showed  essentially  zero 
currant  change  during  beam  transport.  There  may  be  about  0.1.?  of  the 
primary  beam  current  going  through  the  capacitor  bank  and  the  return 
current  rods  connected  to  the  anode  plane  of  the  generator^  but  this 
is  too  small  a  current  to  be  detected  with  the  3-  loop  in  the  present 
experiments . 
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Second,  the  hydrodynamics  of  the  plasma  has  not  received  proper 

treatment.  Usually  magnetic  fields  are  viewed  as  confining  fields 

because  of  the  pressure  tensor.  In  the  case  of  beam  injection  into 

a  plasma  however,  while  the  beam  particles  are  confined  by  the  magnetic 

field,  the  plasma  is  pushed  outwards.  The  reason  is  that  the  return 

current  sec  up  in  response  to  the  injected  beam  is  negative  so  that  the 

j  ,  x  3  force  is  pushing  the  olasma  out.  Note  that  j  .  =  -j, 

^plasma  -v,  ^plasma  ^bearn. 

We  give  below  a  simple  calculation  that  shows  when  plasma  expansion 
becomes  a  significant  process.  The  main  effects  of  this  is  an  increase 
in  the  channel  radius  with  its  concurrent  reduction  of  the  magnetic 
field  and  thus  the  radial  exoansion  of  the  hot  e-beam.  The  radial 


expansion  is: 


t  .  i  (ill)  . 

exp  2  \  pc  / 


x  10-U 

TTr  p 


where  the  beam  and  channel  currants  are  given  in  kA,  beam  pulse  time 
—3 

in  10  sec,  plasma  radius  (which  is  also  assumed  to  be  the  beam  radius) 

3 

in  cm,  and  the  plasma  mass  density  in  g/cm  .  For  the  case  of  our 

GAMBLE  II  experiments  I_  -  2S0  kA;I  =  50  kA;  0  -  10  ^  g/cm^;  and 

—3  —2 

~  -  5  x  10  sec  we  find  that  the  plasma  expands  less  than  10  cm. 

If,  on  the  other  hand,  we  had  tried  to  propagate  the  same  beam  with 
a  radius  of  0.1  cm,  the  plasma  expansion  after  50  ns  would  be  many  times 
the  initial  radius  which  indicates  that  plasma  MED  affects  would  start 
to  dominate. 

We  thus  conclude  that  the  present  experiments  in  open  air  were 
performed  at  a  high  density  with  little  hydrodynamic  effects  during 
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the  bean  propagation  while  Physios  International  experiments3  with 
tapered  Z-p inches  and  low  densities  (p  =  10*7  g/cm3)  were  strongly 
affected  by  such  effects. 


We  now  point  out  some  limitations  on  current  propagation.  The 

simplest  limit  is  that  due  to  the  plasma  conductivity.  An  electric 

field  E  =  J.  /c  .  is  needed  to  drive  J  -  J.  .  An  upper 

.\,bean  plasma  ^return  -\oeam 

limit  on  this  field  for  our  GAMBLE  II  experiment  is 


2.80  *  105  ’  ± 

‘  3  x  10 a  16  kV/m 


77(1. 6)22  X  1014 

We  now  consider  the  question  of  magnetic  field  diffusion  and  its  effect 
on  electron  beam  trajectories. 

3ecause  of  finite  channel  conductivity  the  magnetic  field  profile 
will  change.  The  time  scale  for  change  over  a  length  r  in  the  radial 
direction  is  given  by 


2 

4tt<7T 

,  -  — T 
c 

For  a  length  scale  of  r  *  0.5  cm,  and  plasma  conductivity  of 
14  -1 

O’  3  2  x  10  sec  ,  T  *  750  ns.  The  plasma  temperature  of  2  eV  is 

obtained  via  the  heating  by  the  discharge  current  of  50  kA  during  20  ;us 

5  7 

very  little  additional  heating  is  expected  due  to  the  10  A/ cm"  primary 

19  -3 

current  for  the  plasma  densities  (10  cm  )  in  the  experiment.  During 

_  100 

a  100  ns  oulse  the  net  currant  will  increase  bv  II  ■  L  (1-e  750)  = 

Deam 

0.15  I,  which  gives  II  =  30  kA  for  L  =  200  kA.  The  increased  nag- 
b  3  beam  3 

netic  field  due  to  the  net  current  drastically  affects  the  electron 
orbits.  If  the  beam  radius  at  injection  is  nearly  equal  to  the  plasma 
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channel  radius,  the  relativistic  electrons  injected  at  large  angles  will 
be  returned  back  to  the  diode  by  this  magnetic  field  and  the  efficiency 
of  propagation  will  be  reduced.  If,  however,  the  bean  radius  was 
initially  smaller  than  the  channel  radius  then  the  electrons  will 
expand  radially  to  fill  a  radius  smaller  than  the  channel  radius  which 
encloses  the  Alfven  current.  As  the  net  current  increases,  this  radius 
will  decrease  and  the  beam  will  propagate  at  a  higher  current  density. 

For  this  case,  no  reduction  in  efficiency  will  be  observed.  This  effect 
should  be  more  pronounced  at  higher  total  beam  currents.  The  experiments 
on  GI,  Hydra  (at  SLA)  and  GII  are  characterized  by  beam  currents  of  100, 
200  and  250  kA  accordingly.  In  view  of  the  above  discussion  one  should 
observe  the  tightest  pinches  propagated  on  GII  as  was  indeed  observed. 

If  one  tries  to  extrapolate  into  beam  currents  of  a  few  mega-amperes 
then  the  magnetic  field  diffusion  will  be  coo  large  and  extend  into  radii 
less  than  the  beam  injection  radius  causing  a  reduction  of  efficiency  of 
transport. 

We  turn  now  to  the  effect  of  time  variation  of  diode  voltage.  Since 
a  channel  current  nearly  equal  to  I  is  needed  for  transport,  when  diode 
voltage  is  reduced  the  needed  current  is  accordingly  reduced.  The  com¬ 
bination  of  initial  channel  current  and  the  increase  of  the  current  by 
magnetic  diffusion  bring  the  total  current  above  1^  as  diode  voltage 
fails.  This  is  one  of  the  reasons  why  GI  or  Hydra  which  had  nearly 
constant  voltage  pulses,  show  almost  constant  efficiency  of  transport 
while  fast  changing  impedance  experiments  on  GII  showed  a  drastic  re¬ 
duction  of  beam  transport  efficiency  during  the  50  ns  pulse. 


LI 


3ased  on  all  Che  preceding  discussion  we  may  now  put  limits  on  the 
total  current  that  can  be  transported  using  the  present  technique.  First, 
the  conductivity  defines  an  electric  field  by  j  =  ~E,  which  cannot  exceed 
the  diode  voltage  divided  by  the  channel  length. 


for  V  =*  1  MV,  "  =  2  x  IQ^14,  l  *  1  meter 

J  <  2  x  IQ10  -Ay  =  2  x  106  A/cm2  . 
m“ 

5  2 

For  a  distance  of  10  meters  only  2  x  10  A/ cm  can  be  transported 
in  these  channels,  however  at  higher  currant  densities,  these  estimates 
will  be  modified  by  the  higher  temperatures  and  conductivities  associated 
with  the  primary  and  return-current  heating. 

Second,  the  plasma  channel  expansion  limits  the  tightness  of  the 

2 

transported  beam.  For  example  if  we  take  the  2  MA/cm  beam  of  1  MV 
electrons  discussed  above  and  inject  then  into  a  5  mm  radius  air  channel 
carrying  the  Alfven  current,  the  channel  radius  will  double  in  50  ns. 

Even  taking  the  magnetic  diffusion  into  account  the  Alfven  radius  will 
still  be  1.2  times  the  original  channel  radius. 

IV .  CONCLUSIONS 

In  summary  we  have  shown  experimentally  that  high  power  density 
electron  beams  may  be  efficiently  transported  using  these  current- 
carrying  air  plasma  channels.  We  have  shown  theoretically  that  certain 
restrictions  apply  to  their  use  -  the  most  restrictive  being  the  limit¬ 
ation  on  the  current  density.  This  restriction  may  be  overcome  to  a 
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certain  extent  by  increasing  the  channel  temperature.  This  might  be 
accomplished  by  using  a  lighter  background  gas. 

The  self-consistent  problem  of  plasma-channel  expansion  occurring 
simultaneously  with  the  magnetic  diffusion  and  its  ultimate  effect  on 
the  transported  beam  and  the  transport  efficiency  must  still  be  studied. 
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Fig.  4  —  X-ray  pinhole  photographs  for  Gamble  I  shot  5700. 
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ANALYSIS  OF  PROTON  TRANSPORT  EXPERIMENTS 


I.  Introduction 

As  a  part  of  the  NHL  light  ion  beam  research  program^,  experiments  on  the 
2  3 

transport  '  of  intense  pulsed  proton  beams  have  been  carried  out.  The  NRL 

GAMBLE  II  pulser  was  used  to  generate  proton  beams  and  the  measurement  of 
4 

prompt -gamma  rays  was  the  primary  diagnostic  for  proton  transport.  The 
first  sequence  of  shots  was  made  using  a  large-diameter  (4.5  cm)  transport 
channel  with  a  2.5-cm  diameter  aperture.  The  transport  of  1-MeV  proton  beams 
of  a  few  hundred  kiloamperes  a  distance  of  one  meter  with  efficiencies 
approaching  100%  was  achieved  in  this  channel.  A  second  sequence  of  shots 
with  a  smaller-diameter  (1.6  cm)  channel  with  a  1.2-cm  diameter  aperture  was 
much  less  efficient  in  transporting  the  beam.  Analysis  of  the  prompt-gamma 
measurements  to  determine  proton  currents  in  the  transport  channel  and  trans¬ 
port  efficiencies  is  presented  in  this  report. 

II.  Description  of  Experiment 

The  proton  beam  was  generated  by  a  planar  pinch-reflex  diode^  with  a 
5.7-cm  radius  cathode.  The  beam  was  brought  to  a  narrow-angle  focus 
25  cm  from  the  diode  and  injected  into  a  transport  channel.  The  vacuum  diode 
was  separated  from  the  low-pressure-gas-filled  transport  region  by  a  1.8-ym 
thick  Kimfol.  The  proton  beam  was  focused  by  self  B- fields  in  the  1.9-cm 
anode- to -Kimfol  gap  and,  after  passing  through  the  Kimfol,  was  ballistically 
directed  toward  the  focal  region.  At  the  expected  focus,  the  beam  entered 
the  transport  channel  which  consisted  of  a  wall-stabilized  plasma  discharge 
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typically  carrying  an  externally  applied  axial  current  of  *■>  50  kA.  The 
B-field  from  this  current  was  sufficient  to  confine  the  injected  protons 
within  the  larger  diameter  channel. 

The  proton  beam  in  the  channel  was  diagnosed  by  measuring  prompt  gamma 

rays4  from  the  ^F(p«aY)*60  reaction.  For  this  diagnostic,  Teflon  screen 

targets  (50%  transparent)  were  located  at  the  entrance  to  the  channel  and  one 

meter  into  the  channel.  Two  detectors  were  used  to  measure  prompt  gamma  rays 

from  these  targets  as  shown  in  Fig.  1.  One  detector,  which  was  absolutely 
& 

calibrated  ,  was  located  5<  cm  from  the  second  target  and  shielded  against 
radiation  from  the  diode  and  first  target.  The  other  detector  was  located 
behind  a  concrete  wall  and  was  equidistant  from  both  targets.  The  wall 
differentially  shields  the  diode  bremsstrahlung  and  improves  the  signal-to- 
bremmstrahlung  ratio  for  viewing  the  first  target.  Measured  signals  from 
these  two  detectors  are  displayed  in  Fig.  2.  These  responses  indicate  that 
the  inside  detector  measured  signals  from  the  second  target  while  the  outside 
detector  recorded  signals  from  both  targets.  The  outside-detector  signals 
are  separated  in  time  by  the  transit  of  protons  from  the  first  to  the  second 
target.  The  detector  behind  the  concrete  wall  was  calibrated  absolutely  by 
comparing  its  response  from  the  second  target  with  that  obtained  with  the 
inside  detector. 

For  a  shot  with  no  Teflon  targets,  the-  prompt-gamma  responses  are  given 
by  the  dashed  curves  in  Fig.  2.  On  this  background  shot, sufficient  energy 
was  transported  to  spall  an  aluminum  plate  at  the  end  of  the  transport 
system.  A  small  bremsstrahlung  signal  was  measured  on  the  outside  detector. 
The  inside  detector  recorded  no  bremsstrahlung  but  did  record  a  small  signal 
probably  due  to  residual  Teflon  deposited  in  the  transport  system  from 
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previous  shots.  If  the  apparatus  was  not  cleaned  carefully  between  shots, 
this  background  was  significantly  larger. 

Protons  injected  into  the  transport  channel  propagate  in  the  magnetic 
field  associated  with  the  discharge  current.  The  channel  is  essentially  a 
z-pinch,  a  radial  implosion  followed  by  damped  radial  oscillations.  The 
confinement  of  the  protons  to  the  channel  depends  on  the  radial  profiles  of 
the  magnetic  field,  current,  and  particle  density  in  the  channel.  These 
qualities  are  rapidly  varying  functions  of  time  and  are  not  known.  For  the 
present  analysis,  the  channel  is  assumed  to  be  of  uniform  particle  and  current 
density  and  constant  in  time  for  the  duration  of  the  beam  pulse. 

Measured  prompt-gamma  responses  were  compared  to  responses  calculated 
using  the  ion  current  and  proton  energy  measured  on  each  shot.  The  charged- 
particle  current  incident  on  the  Kimfol  was  measured  with  a  Rogowski  coil. 

The  proton  energy  was  taken  to  be  the  voltage  determined  by  correcting  the 
measured  diode  voltage  for  inductive  effects  in  the  diode  and  for  classical 
energy  loss  in  the  Kimfol.  The  ion  current,  presumed  to  be  entirely  protons, 
and  the  proton  energy  were  combined  with  the  energy  dependence  of  the 
igF(p,dY)lo0  reaction  and  the  absolute  detector  sensitivity6  to  give  the 
expected  prompt-gamma  response.  The  energy  dependence  of  this  reaction  yield 
is  shown  in  Fig.  3.  Corrections  for  the  flight  time  of  protons  from  the 
anode  to  the  target  were  included  in  the  calculations.  The  shapes  and  mag¬ 
nitudes  of  the  calculated  responses  were  compared  to  the  measured  responses 
after  timing-chain  corrections. 

Ill .  Large-Transport-Channel  Results 

Six  shots  with  the  large-diameter  transport  channel  were  selected  for 
careful  analysis.  The  calculated  prompt-gamma  responses  for  these  shots  are 
compared  with  the  measured  signals  in  Fig.  4.  Here  the  calculated  responses 
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have  been  normalized  in  amplitude  to  the  measured  signals.  The  proton 
current  and  energy  used  for  these  calculations  are  also  displayed  in  Fig.  4 
for  each  shot.  The  current  measured  on  shot  407  was  used  for  shot  406 
because  that  trace  was  not  recorded  on  shot  406. 

The  shapes  of  the  calculated  responses  from  the  first  target  agree 
reasonably  well  with  the  measured  traces  for  all  the  shots  except  shot  413. 
Also,  the  calculated  risetimes  for  responses  from  the  first  target  agree  with 
the  measured  traces  except  for  shot  402.  The  prompt-gamma  signals  from  the 
first  target  for  shots  402  and  403  were  measured  at  50  ns/cm  and  expanded  to 
20  ns/cm  for  che  comparison  in  the  attached  figures.  An  error  of  ±  5  ns  is 
inherent  in  the  absolute  time  scale  for  these  two  traces.  For  shot  413,  the 
calculated  response  from  the  first  target  is  narrower  in  width  than  the 
measured  trace.  The  calculated  response  is  narrowed  in  time  due  to  the 
peculiar  shape  of  the  voltage  trace  measured  on  this  shot.  The  narrow  peak 
on  the  prcmpt-gamma  response  is  correlated  with  the  narrow  peak  at  the  top 
of  the  voltage.  Explanations  for  the  discrepancy  with  the  measured  trace  are 
speculated  upon  in  the  discussion  (Section  VI) . 

The  calculated  responses  from  the  second  target  do  not  agree  with  the 
measured  signals  in  shape  or  timing.  The  calculated  responses  occur  too 
early  in  time  presumably  because  the  proton  energy  is  too  high.  No  energy 
loss  ir.  the  focusing  region  or  the  transport  system  has  been  included  in  these 
calculations . 

IV.  Transport  Efficiencies  and  Energy  Losses  in  the  Large  Channel 

A  lower  limit  on  the  transport  efficiency  can  be  estimated  from  the 
ratio  of  the  prompt-gamma  signals  from  the  first  and  second  targets.  Signals 
from  both  targets  are  recorded  with  equal  sensitivity  by  the  outside  detector. 


The  areas  of  the  two  peaks  in  the  traces  for  this  detector  were  used  to 


evaluate  the  transport  efficiencies  given  in  Table  1,  For  this  evaluation 
the  area  of  the  second  peak  has  been  doubled  relative  to  the  first  peak  to 
correct  for  the  50%  transparent  Teflon  screen  targets.  Table  1  also  lists 
the  air  pressure  in  the  transport  channel  for  each  shot.  The  largest  trans¬ 
port  efficiency  was  obtained  for  0.5-Torr  pressure.  At  a  pressure  of  0.12 
Torr,  the  efficiency  was  reduced  to  about  20%.  These  efficiencies  are  in 
fact  lower  limits  on  the  transport  efficiency  because  energy  lost  by  protons 
in  the  transport  system  causes  the  prompt-gamma  signal  from  the  second  target 
to  be  reduced.  The  strong  energy  dependence  of  this  diagnostic  is  shown  in 
Fig.  3. 

To  estimate  the  magnitude  of  energy  losses  in  these  experiments,  the 

average  energy  of  the  protons  in  the  transport  channel  was  determined  for 

several  shots.  The  time  interval  between  signals  from  the  two  Teflon  targets 

was  used  to  calculate  the  average  proton  energy,  Ea,  in  the  channel.  This 

energy  is  compared  in  Table  2  with  the  maximum  energy  of  the  ions,  E  ,  after 

m 

oassing  through  the  Kimfol.  The  difference  between  E  and  E  represents  an 
*  m  a 

average  energy  loss  and  ranges  from  100  to  430  kev  for  these  shots.  For  this 
comparison,  a  proton  energy  extracted  from  the  timing  of  the  maxima  of  the 
prompt-gamma  responses  should  correspond  to  the  peak  proton  energy  because 
this  response  is  strongly  energy  dependent  (see  Fig.  3) .  The  average  energy 
losses  in  Table  2  are  larger  than  one  expects  from  collisional  losses  in  the 
channel.  For  example,  the  classical  energy  loss  for  1.2-MeV  protons  in 
1.5-Torr  air  is  only  50  keV/m.  Classical  energy  losses  from  the  Kimfol  to 
the  second  target  due  to  the  low  pressure  air  in  the  channel  are  listed  as 
dE^  in  Table  2.  Clearly,  energy  losses  significantly  greater  than  classical 
collisional  losses  are  reducing  the  proton  energy  in  these  experiments. 


An  evaluation  of  the  transport  efficiency  including  energy  loss  was  made 
for  shots  402,  40V,  412  and  413.  On  these  shots, efficient  transport  was 
observed  and  all  data  traces  were  obtained.  For  this  analysis, the  energy 
loss  was  assumed  to  be  constant  during  the  beam  pulse  and  was  applied 
directly  to  the  measured  voltage  to  reduce  the  energy  of  the  protons 
before  time-of-flight  corrections  thru  the  focusing  and  transport  sections. 
The  energy  loss  of  the  protons  after  passing  through  the  Kimfol  was  assumed  to 
consist  of  a  classical  energy  loss  dE  due  to  gas  in  the  channel,  and  an  additional 
energy  loss  AE  to  be  determined.  Subscripts  of  1  or  2  will  be  used  on  these 
quantites  to  denote  energy  losses  from  the  diode  to  the  first  or  second  Teflon 
target ,  respectively.  The  energy  loss  of  protons  from  the  diode  to  the 
Teflon  target  at  the  end  of  the  transport  system  was  determined  from  proton 
time-of-flight.  The  energy  of  the  protons  after  passing  through  the  Kimfol 
was  reduced  about  an  amount  (dE2  +  A£2)  >  AE2  was  adjusted  so  that  the 

peak  of  the  calculated  prompt-gamma  signal  from  the  second  target  agreed  in 
time  with  the  measured  signal.  Values  of  dE2  and  AE2  are  given  in  Table  2. 

An  uncertainty  of  ±  100  keV  is  assigned  to  AE2  based  on  this  fitting  proce¬ 
dure.  The  fitting  procedure  is  illustrated  in  Fig.  6.  In  all  cases  the 
additional  energy  loss  AE2  is  much  greater  than  the  classical  energy  loss 
dE2.  The  energy  of  protons  striking  the  second  target  is  less  than  the 

average  energy  measured  in  the  transport  channel,  assuming  deceleration  during 
transport.  Therefore  the  energy  loss  from  the  Kimfol  to  the  second  target 
is  larger  than  the  average-energy-loss  estimates  in  Table  2. 

The  energy  loss  of  the  protons  is  made  up  of  an  energy  loss  in  the 
region  from  the  diode  to  the  first  Teflon  target  (AE^) ,  and  an  energy  loss 
in  the  transport  channel  between  the  two  targets  (AEt) ,  where  AE^+AE*  =  AE2. 
Both  AEi  and  AEt  are  not  known,  but  the  sum,  AE2,  was  determined  above. 


A  range  of  values  for  AE  (  and  hence  AE,)  is  determined  by  comparing  the 
intensities  of  measured  and  calculated  prompt-gamma  responses.  Prompt-gamma 
responses  were  calculated  for  the  first  target  with  protons  reduced  in  energy 
by  (dEi  +  AEi)  and  for  the  second  target  with  protons  reduced  in  energy  by 
(dE2  +  AE2) .  The  ratio  for  these  results  was  used  to  correct  the  minimum 
transport  efficiencies  determined  previously  for  no  energy  loss.  The  results 
are  presented  in  Fig.  5  as  a  function  of  AE^.  Values  of  dEj  are  given  in 
Table  2.  As  AE  increases,  the  transport  efficiency  increases  'until  an  upper- 
limit  of  100%  is  reached.  Over  this  range,  AE  never  exceeds  150  keV  and  is 
always  less  than  AEj.  For  AS  =  1 CO  keV,  a  likely  value,  the  transport 
efficiency  ranges  from  50%  to  90%,  and  AE^  ranges  from  200  to. 600  keV  for 
these  shots. 

Only  a  fraction  of  the  measured  ion  current  is  incident  on  the  2.5-cm 
diameter  Teflon  target  at  the  entrance  to  the  transport  channel.  The 
fraction  of  the  ion  current  required  to  fit  the  magnitude  of  the  measured 
prompt-gamma  signal  from  the  first  target  is  determined  by  scaling  the 
measured  ion  current  by  the  ratio  of  the  measured  to  calculated  prompt-gamma 
signals.  This  fraction  was  determined  by  integrating  the  respective  signals 
to  eliminate  uncertainties  due  to  proton  bunching  and  multiplying  by  two  to 
correct  for  the  50%  transmission  Teflon  screen  target.  This  fraction  is 
presented  in  Fig.  5  as  a  function  of  the  energy  loss  in  the  transport 
channel,  AE  .  For  less  energy  loss  in  the  transport  channel  and  more  energy 
loss  from  the  diode  to  the  channel  entrance,  a  larger  fraction  of  the  ion 
current  is  required  to  account  for  the  magnitude  of  the  prompt-gamma  signal. 
For  AEfc  =  100  keV,  this  fraction  ranges  from  20%  to  S5%  for  these  shots. 

Since  the  measured  ion  current  at  peak  voltage  is  about  500  kA  for  all  these 
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shots  (see  Fig.  1) ,  currents  of  100  to  400  kA  at  peak  voltage  were  inferred 
from  this  analysis. 

The  inclusion  of  energy  losses  in  calculating  the  prompt-gamma  responses 
has  minimal  effect  on  the  shapes  of  the  calculated  responses  as  illustrated 
in  Fig.  6  for  shot  412.  The  fitting  procedure  used  to  determine  the  energy 
loss  AE2  is  shown  for  the  inside  detector.  If  this  same  energy  loss  is  used 
for  AE^(i.e.  AE  =  0),  the  timing  of  the  calculated  signal  from  the  first 
target  is  only  slightly  delayed  because  the  flight  path  of  procons  to  the 
first  target  is  so  short. 

V.  Small-Transport-Channel  Results 

Measured  prompt-gamma  signals  for  two  shots  with  protons  injected  into 
the  small-diameter  transport  channel  are  compared  with  calculated  responses 
in  Fig.  7.  These  shots  were  selected  because  they  gave  observable  transport. 
Other  shots  gave  unobservable  or  barely  observable  transport.  The  reason 
for  the  poor  transport  in  these  shots  will  be  discussed  later.  The  proton 
energy  and  current  used  for  these  calculations  are  also  displayed  in  Fig.  7. 

No  energy  losses  have  '  een  included  in  the  calculations,  and  the  calculated 
responses  were  normalized  in  amplitude  to  the  measured  signals.  For  shot  419, 
helium  gas  was  used  in  the  channel  instead  of  air.  The  channel  pressure  for 
each  shot  is  given  in  Table  3 . 

The  shapes  of  the  calculated  responses  from  the  first  target  compare 
favorably  with  the  measured  traces,  but  the  measured  traces  occur  signifi¬ 
cantly  earlier  than  the  calculated  traces.  This  discrepancy  is  due  to  a 
significant  contribution  to  the  first-target  signal  from  diode  bremmstrahlung . 
The  measured  signals  are  smaller  due  to  the  smaller  entrance  aperture  on  the 
transport  channel,  and  the  diode  bremsstrahlung  is  larger  in  this  series  of 
shots  so  the  signal-to-bremsstrahlung  ratio  is  reduced. 


The  calculated  responses  from  the  second  target  do  not  agree  with  the 
measured  signals  in  shape  or  absolute  time.  In  fact,  for  shot  419  the 
measured  response  occurs  earlier  in  the  time  than  the  calculated  response. 

This  suggests  that  the  energy  of  some  protons  is  greater  than  the  measured 
diode  voltage  so  that  they  arrive  at  the  second  target  earlier  in  time.  One 
might  suspect  that  this  early-time  signal  is  due  to  protons  bombarding  a 
Teflon  deposic  remaining  on  the  inside  walls  of  the  transport  channel  after 
previous  shots.  However,  this  explanation  is  unlikely  because  the  channel 
was  carefully  cleaned  between  shots  (see  Fig.  2) . 

An  analysis  including  energy  loss  has  not  been  applied  to  these  small 
transport  channel  shots  because  there  are  unknown  bremsstrahlung  contributions 
to  the  prompt-gamma  signals  from  the  first  target  and  because  the  proton  energy 
loss  from  the  diode  to  the  second  target  is  poorly  determined.  Even  so, 
minimum  transport  efficiencies  may  be  evaluated  from  the  ratio  of  the 
measured  prompt-gamma  signals  from  the  two  targets.  The  results  are  given  in 
Table  3.  These  efficiencies  are  significantly  smaller  than  the  results 
obtained  with  the  larger  diameter  channel. 

Table  3 

Small-Channel  Transport  Results  for  Mo  Energy  Loss 


Shot  Mo. 


Gas 


Transport  Channel 
Pressure  (Torr) 


Minimum  Transport 
Efficiency 


VI.  Discussion 


Protons  injected  into  the  transport  channel  propagate  in  and  are  confined 

by  the  magnetic  field  produced  by  the  discharge  current.  Confinement  within 

the  channel  depends  on  many  factors.  If  a  uniform  static  discharge  current, 

I,  is  assumed,  then  protons  entering  the  channel  at  angles  up  to  a  maximum  of 

9  to  the  channel  axis  will  be  confined  according  to^ 
m 

1O"3V(1-COS0  ) 

I - — 

l-U/R)2 

where  I  is  in  amperes,  v  is  the  proton  speed  in  cm/s,  ?.  is  the  channel  radius 
and  a<R  is  the  radius  of  the  channel  entrance  aperture.  For  1-MeV  protons 
and  the  maximum  possible  injection  angle  in  the  present  experiments,  a  current 
of  58  kA  in  the  large  channel  or  72  kA  in  the  small  channel  is  required. 

In  the  experiments,  typically  50  to  60  kA  flowed  in  the  large  channel, 
but  only  v  30  kA  flowed  in  the  small  channel  due  to  the  increased  channel 
resistance  and  the  capacitor  bank  limitations.  In  the  latter  case,  the 
channel  current  quarter-period  rise  time  was  about  15  us.  It  is  tempting  to 
conclude  that  the  transport  efficiencies  observed  in  the  small  channel  were 
determined  principally  by  the  available  discharge  current.  However,  it  was 
found  in  the  experiments  that  observable  transport  ceased  at  the  highest 
current  levels  in  the  small  channel.  Transport  efficiency  was  increased  by 
injecting  the  beam  earlier  in  the  rise  of  the  channel  current  or  by  shortening 
the  rise  time  of  the  channel  current,  even  though  the  absolute  level  of 
channel  current  decreased. 

These  observations  point  to  the  necessity  for  a  more  realistic  interpre¬ 
tation  of  the  beam-channel  system.  The  radial  profiles  of  magnetic  field, 
current,  ar.d  density  in  the  channel  are  rapidly  varying  functions  of  time  and 
depend  on  such  variables  as  plasma  temperature,  gas  composition,  impurity 


surprising  that  the  shapes  of  the  calculated  prompt-gamma  responses  do  not 
fit  the  shapes  of  the  measured  signals  from  the  second  target  even  though 
time-of -flight  effects  are  included  in  the  analysis.  As  a  result,  the  energy 
analysis  in  Section  IV  is  a  time-averaged  approximation  as  are  the  magnitudes 
of  the  energy  losses. 

VII .  Conclusions 

The  best  transport  results  were  obtained  with  the  large  diameter  channel. 
In  this  channel,  transport  efficiencies  ranging  from  33%  to  100%  were  deduced 
from  this  analysis.  Total  proton  currents  of  a  few  hundred  kiloamperes  of 
1-MeV  protons  were  calculated  to  be  transported  a  distance  of  one  meter. 

Thera  is  a  trade  off  between  proton  current  and  transport  efficiency  in  the 
interpretation  of  these  measurements.  For  100%  transport  efficiency  in  the 
shots  analyzed,  the  current  is  <  250  kA,  but  for  the  smallest  transport 
efficiency  (33%)  of  any  of  th?  shots,  the  current  is  300  kA.  Energy  losses 
within  the  transport  channel  were  less  than  15%  of  the  maximum  proton 
energy . 
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gas, 


and  associated  losses  due  to  resistive  and  hydrodynamic  electric  fields 
which  develop  inside  the  channel  during  beam  transport.7  Furthermore,  since 
a  dynamic  plasma  exists  in  the  transport  system,  the  beam  may  lose  or  gain 
energy  from  axial  electric  fields  created  from  plasma  contraction  or  expan- 

a 

sion.  This  may  explain  the  apparent  acceleration  of  some  protons  to  energies 
greater  than  the  diode  voltage  as  observed  on  shot  419.  Finally,  ions  con¬ 
fined  to  a  region  close  to  the  axis  of  the  transport  channel  may  sustain 
enhanced  collisional  losses  if  the  pinch  has  compressed  the  plasma  to  densi¬ 
ties  significantly  greater  than  the  fill  pressure.  Wall  material  brought 
into  the  discharge  during  implosion  can  also  contribute  to  collisional  losses. 

The  large-diameter-channel  measurements  indicate  that  most  of  the  ion 
beam  could  be  injected  into  the  2.5-cm  diameter  aperture  and  transported. 

For  the  small  channel,  measurements  from  the  first  target  indicate  that  less 
than  half  of  the  proton  beam  is  contained  within  the  1.2-cm  diameter  aperture. 
On  some  shots  with  the  small  transport  channel,  the  entrance  aperture  was 
increased  to  1.6-cm  diameter  and  the  first  target  was  removed.  Signals  from 
the  second  target  increased  by  more  than  the  factor-of-two  expected  by  just 
removing  the  50%  transmission  target.  In  this  case,  more  protons  were 
injected  into  the  channel  and  transported.  It  should  be  noted  that  since  the 
voltage  and  current  of  the  ion  beam  vary  in  time,  the  position  of  best  focus 
moves  socially  during  the  beam  pulse.  For  inertial  confinement  fusion  appli¬ 
cations,  diodes  with  improved  focusability  at  long  focal  lengths  are 
required . ^ 

In  the  large-transport-channel  analysis  {Section  IV) ,  energy  losses 
from  the  diode  to  the  transport  channel  and  within  the  channel  itself  were 
assumed  constant  during  the  beam  pulse.  For  the  reasons  described  above,  it 
is  apparent  that  the  energy  loss  is  not  constant.  Therefore,  it  is  not 


surprising  that  the  shapes  of  the  calculated  prompt-gamma  responses  do  not 
fit  the  shapes  of  the  measured  signals  from  the  second  target  even  though 
time -of -flight  effects  are  included  in  the  analysis.  As  a  result,  the  energy 
analysis  in  Section  IV  is  a  time-averaged  approximation  as  are  the  magnitudes 
of  the  energy  losses. 

VII .  Conclusions 

The  best  transport  results  were  obtained  with  the  large  diameter  channel. 
In  this  channel,  transport  efficiencies  ranging  from  33%  to  100%  were  deduced 
from  this  analysis.  Total  proton  currents  of  a  few  hundred  kiloamperes  of 
1-MeV  protons  were  calculated  to  be  transported  a  distance  of  one  meter. 

There  is  a  trade  off  between  proton  current  and  transport  efficiency  in  the 
interpretation  of  these  measurements.  For  100%  transport  efficiency  in  the 
shots  analyzed,  the  current  is  <  250  kA,  but  for  the  smallest  transport 
efficiency  (33%)  of  any  of  the  shots,  the  current  is  300  kA.  Energy  losses 
within  the  transport  channel  were  less  than  15%  of  the  maximum  proton 
energy. 
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Fig.  1  —  Experimental  arrangement  of  the  prompt-gamma  detectors  for  the 

transport  experiments. 
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AMPLITUDE  (  VOLTS) 


the  prompt-gamma  detectors  for  Shot  412  with  Teflon  targets  (: 
r  Shot  411  without  Teflon  targets  (dashed  line). 
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Fig.  2  —  Measured  traces  from 
and  fo 
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Fig.  4(a)  —  A  comparison  of  measured  (solid  line)  and  calculated  (dashed  line)  prompt-gamma 
responses  for  Shots  402  and  403  with  the  large  diameter  transport  channel.  The  calculated  re¬ 
sponses  are  normalized  in  amplitude  to  the  measured  signals.  Also,  the  proton  energy  and  cur¬ 
rent  which  were  used  to  calculate  the  prompt-gamma  responses  are  displayed.  No  energy  los¬ 
ses  are  included  in  these  calculations. 
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Fig.  4{b)  —  A  comparison  of  measured  (solid  line)  and  calculated  (dashed  line)  prompt-gamma  re¬ 
sponses  for  Shots  406  and  407  with  the  large  diameter  transport  channel.  The  calculated  respon¬ 
ses  are  normalized  in  amplitude  to  the  measured  signals.  Also,  the  proton  energy  and  current 
which  were  used  to  calculate  the  prompt-gamma  responses  are  displayed.  No  energy  losses  are  in¬ 
cluded  in  these  calculations. 
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Pig.  4(c)  —  A  comparison  of  measured  (solid  line)  and  calculated  (dashed  line)  prompt- 
gamma  responses  for  Shots  412  and  413  with  the  large  diameter  transport  channel.  The 
calculated  responses  are  normalized  in  amplitude  to  the  measured  signals.  Also,  the  pro¬ 
ton  energy  and  current  which  were  used  to  calculate  the  prompt-gamma  responses  are 
displayed.  No  energy  losses  are  included  in  these  calculations. 
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SHOT  407 


Fig.  5  —  Transport  efficiencies  determined  with  energy  loss  included  in  the  analysis.  The  fraction  of  ion 
current  required  to  fit  the  magnitude  of  the  prompt-gainina  response  is  also  given  as  a  function  of  the  en¬ 
ergy  loss  in  the  transport  channel. 
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Fig.  6  —  A  comparison  of  measured  (solid  line)  and  calculated  prompt-gamma  responses  with¬ 
out  energy  loss  (short  dashed  line)  and  with  500-keV  energy  loss  (short-long  dashed  line)  for 
both  prompt-gamma  detectors.  The  measured  traces  correspond  to  Shot  412. 
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Fig.  7  —  A  comparison  of  measured  (solid  line)  and  calculated  (dashed  line)  prompt-gamma 
responses  for  the  -mall  diameter  transport  channel  (Shots  417  and  419).  The  proton  energy 
and  current  which  were  used  to  calculate  the  prompt-gamma  responses  are  also  displayed. 
The  calculated  responses  are  normalized  in  amplitude  to  the  measured  signals.  No  energy 
losses  were  included  in  these  calculations. 
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STABILITY  CONSIDERATIONS  FOR  LIGHT-ION  BEAM 
TRANSPORT  IN  Z-DISCHARGE  CHANNELS 
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1.  INTRODUCTION 

The  development  of  terawatt-level  ion  beams  has  generated  a  great  deal 
of  interest  in  using  light-ion  beams  to  drive  thermonuclear  pellets.^-”® 

Target  design  studies  for  light-ion  beams  indicate  that  ^  2  MJ  of  ions  must 
be  delivered  in  ^  10  nsec  to  an  ^  1  cm  diameter  pellet  in  order  to  achieve 
high-gain  thermonuclear  ignition.^-0  Since  present  technology  can  provide  up 
to  5  TW  single-generator  modules  from  which  up  to  200  kJ  of  ions  can  be 
extracted  in  't  50  nsec,  a  multimodule  system  is  required.  In  addition,  a 
transport  scheme  and  a  method  for  beam  pulse  compression  are  needed. 

One  possible  transport  scheme  involves  the  use  of  a  z-discharge  channel 
for  transporting  a  prefocused  ion  beam  (Fig.  1).^  Focusing  is  achieved  by 
a  combination  of  geometric  and  magnetic-field  focusing  prior  to  injection  into 
the  channel.  Beam  pulse  compression  results  from  ramping  the  diode 

voltage  such  that  the  tail  of  the  beam  catches  up  to  the  front  of  the 
beam. ^3,14  The  ideal  diode  voltage  waveform  is  5(t)  =  $0 (l-t/ta) “2  for 
0  f  t  <  tb  <  ta  where  is  the  beam  pulse  duration  and  ta  is  the  beam  arrival 
time  at  the  target. 

Assuming  that  the  z-discharge  channel  is  produced  in  a  MHD  stable  con¬ 
figuration,  the  question  of  the  effects  that  the  passage  of  the  beam  will  have 
on  the  equilibrium  and  stability  of  the  beam-plasma  system  is  an  important 
one.  The  MHD  response  of  the  plasma  has  been  treated  elsewhere^-®  and  will 
only  be  briefly  reviewed  here.  Analysis  of  stable  beam  propagation  in 
straight  and  tapered  channels,  as  well  as  in  bumpy  channels  (subject  to 
sausage  instability)  has  also  been  done  previously.^-®  This  work  shows  that, 
in  the  absence  of  microinstabilities  driven  by  the  beam,  good  beam  transport 
and  bunching  is  possible  under  the  conditions  set  by  MHD  considerations 
(which  will  be  outlined  in  Sec.  2).  However,  in  the  presence  of  microinsta¬ 
bilities,  beam  transport  and  bunching  can  be  seriously  affected. 

Analysis  of  electrostatic  (ES)“7  and  electromagnetic  (EM) 1®  velocity- 
space  instabilities,  which  can  grow  on  a  time  scale  much  faster  than  the  beam 
pulse  duration,  will  be  reviewed  in  this  report.  The  problem  will  be  con¬ 
sidered  with  the  goal  of  identifying  the  conditions  for  good  transport  and 
bunching.  The  results  will  be  presented  in  a  general  form  so  that  they  may 
be  applied  to  beams  of  various  low  atomic  number  species  propagating  in 
channel  plasmas  of  different  compositions. 
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SEAM-PLASMA  SYSTEM  IN  THE  TRANSPORT  CHANNEL 


The  beam-plasma  system  consists  of  a  focused  ion  beam  propagating  down 
the  axis  of  an  externally-criven  2-discharge  plasma  channel .  13 , 19  ^he  j_on 
beam  is  focused  at  the  entrance  to  the  plasma  channel  (see  rigs.  1  and  2)  with 
velocity  components  transverse  to  z  given  by  7^/7 z  =  tan  a  <<  1.  The  current 
being  driven  in  the  preformed  z-discharge  channel  provides  the  radial  confine¬ 
ment  of  the  beam.  3ecause  of  the  small  perpendicular  beam  energy,  the  channel 
current  can  be  much  less  than  the  beam  current.  A  high  plasma  density  in  the 
channel  insures  good  beam  charge  neutralization . 20  Good  beam  current 
neutralization  in  the  interior  of  the  beam  also  occurs,  so  that  the  total 
magnetic  field  is  comparable  to  that  associated  with  the  preformed  channel 
established  before  beam  injection.  3ecause  JD  =  Jch  -  Jb  *  -Jb/  the  electron 
drift  velocity  is  approximated  by  7e  =  n^Z^Vw/Z^np,  where  r.-D  and  nD  are  the 
beam  and  plasma  ion  densities,  Z'a  and  Z0  are  the  beam  and  plasma  ion  charge 
states,  and  J0,  and  Jcw  are  the  plasma,  beam  and  preformed  channel  current 
densities,  respectively.  Note  that  the  electron  density  is  ZDr.0. 

Hydrodynamic  modeling  of  the  background  plasma^  shows  that  a  uniform 
net-current  model  is  appropriate  for  the  early  times  associated  with  passage 
of  the  beam  front.  This  is  because  the  low-temperature  channel  is  established 
microseconds  before  beam  injection  so  that  complete  magnetic  diffusion  occurs. 
Later  in  the  ion  pulse,  Jp  *  3  expansion  of  the  beam-heated  high-temperature 
plasma  reduces  the  magnetic  field  strength  in  the  interior  of  the  channel. 

The  built-up  field  in  the  expanding  cylindrical  shock  wave  is  also  enhanced 
by  significant  current  non-neutralization  in  the  cool  plasma  surrounding  the 
beam-heated  channel.  The  maximum  field  strength  just  outside  the  ion-beam 
radius  can  exceed  that  established  by  the  preformed  z-discharge  current  by  a 
large  factor.  Thus,  at  late  times  during  beam  passage,  the  magnetic  field 
distribution  can  be  approximated  by  a  surface-current  mcdel.  Although  the 
induced  Vr  *  Bg  electric  field  is  important  when  considering  beam  energy 
losses  during  transport,  at  no  time  does  the  electric  field  become  large 
enough  to  significantly  affect  the  stability  analysis. 

The  linearized  stability  analysis  presented  here  strictly  applies  only 
when  the  mode  under  consideration  grows  on  a  time  scale  faster  than  any 
changes  in  the  beam-plasma  system  (i.e.,  y  >  x^1).  For  growth  on  a  time 
scale  slower  than  the  beam  pulse  duration,  the  perturbation  analysis  breaks 
down  since  small  perturbations  will  be  washed  out  by  the  zero-order  changes 
in  the  system  before  growth  can  occur.  Thus  for  those  modes  which  are  shown 
to  e-fold  less  than  once  during  the  passage  of  the  beam,  the  results  should 
be  interpreted  as  showing  that  significant  growth  does  not  occur. 

The  distribution  of  particles  in  axial  velocity  is  illustrated  in  Fig.  3. 
The  plasma  ions  form  a  stationary  background  while  the  drift  of  the  plasma 
electrons  provides  for  beam  current  neutralization.  Because  of  the  high 
plasma  density,  this  drift  velocity,  Ve,  does  not  exceed  the  electron  thermal 
velocity  even  before  the  beam  heats  the  plasma.  As  the  beam  passes  through  a 
given  point,  the  plasma  is  heated  and  the  conductivity  increases.  The 
electron-ion  collision  frequency,  vej_,  decreases  but  the  electrons  generally 
remain  collisional  (vej_  >  JJce)  at  all  times  during  the  pulse  for  purposes  of 
the  stability  analysis.  Since  the  electron- ion  equilibration  time  is  on  the 
order  of  the  beam  pulse  duration  the  electron  temperature  will  not  exceed 
the  ion  temperature  by  more  than  a  factor  of  ten. 
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The  ion  beam  density  is  typically  much  less  than  the  plasma  density  and, 
beams  of  interest  are  nonrelativistic.  The  spread  in  axial  velocities, 
designated  by  Vt  in  Fig.  3,  is  on  the  order  of  Vv,ct^/2  before  beam  bunching 
occurs.  Here  is  the  beam  velocity  and  ci^  is  the  maximum  ion  injection 
angle  into  the  channel.  For  am  =  0.1-0. 2  rad,  Vt/V^  is  relatively  small.  As 
the  beam  bunches,  Vt/Vfc>  can  increase  by  an  order  of  magnitude  as  the  faster 
ions  generated  later  in  the  pulse  catch  up  to  slower  ions  at  the  front  of  the 
beam.  The  beam  pulse  duration,  Tfc,  decreases  and  the  beam  density,  nj-, 
increases  as  the  beam  bunches.  The  dependence  of  the  beam  parameters  on  axial 
position  due  to  bunching  will  be  expressed  explicitly  as  Vt(z),  r-D(z)  ,  etc. 

Since  the  ES  stability  analysis  depends  strongly  on  the  shape  of  the 
beam  distribution  function,  it  is  important  to  use  a  theoretical  model  which 
contains  the  appropriate  physics.  For  a  distribution  in  v2  which  has  a 
large  slope  on  the  low  velocity  side  such  as  illustrated  in  Fig.  4a,  a 
resistive  instability  persists  in  spite  of  the  thermal  spread  in  v2  and  the 
high  frequency  of  collisions  between  the  plasma  electrons  and  ions. >22 
However,  if  the  slope  of  the  distribution  function  is  not  as  sharp,  such  as 
for  the  Gaussian  distribution  shown  in  Fig.  4b,  electron- ion  collision  are 
damping  if  the  thermal  spread  in  vz  is  sufficiently  large.  The  slope  of  the 
distribution  function  on  the  high  velocity  side  does  not  affect  the  stability 
analysis. 


Before  the  beam  bunches,  the  distribution  in  vz  is  determined  by  the 
injection  condition.  Since  the  ions  are  injected  into  the  channel  nearly 
uniformly  over  a  range  of  angles  predominately  in  the  r-z  plane  and  since 
the  time-averaged  axial  velocity  for  an  ion  injected  at  a  given  a  varies  like 
Vb(l-a^/2),  the  distribution  in  vz  rises  slowly  as  indicated  in  Fig.  4c. 
Additional  smoothing  out  of  the  distribution  in  vz  will  result  from  beam 
energy  spreading  due  to  radial  variations  in  the  diode  voltage.  The  stability 
properties  of  this  distribution  closely  resemble  those  of  the  Gaussian  distri¬ 
bution.  The  beam  ion  distribution  after  bunching  is  also  similar  in  shape 
to  Fig.  4c.  Since  the  ion  diodes  which  are  used  in  the  experiments  have  a 
constant  impedance  behavior  during  the  duration  of  the  ion  pulse,  more  ions 
(higher  currents)  are  generated  at  higher  energies  as  the  diode  voltage  ramps 
upward.  Thus  in  the  bunched  state  there  are  more  ions  at  higher  velocities 
than  at  lower  velocities  and  the  spread  in  axial  velocities  is  on  the  order 
of  (2Zde/mi)15(?fi5-b0i5).  Here  Zd  is  the  charge  state  of  the  beam  ions  in  the 
diode  and  b0  and  bf  are  the  initial  and  final  diode  voltages.  This  spread 
can  be  considerably  larger  than  the  initial  spread  before  bunching  (V / 2 ) . 

Thus  a  Gaussian  distribution  can  be  used  to  properly  model  the  ion  beam 
distribution  function  both  before  and  after  bunching  when  considering  ES 
nodes.  When  the  analysis  is  not  sensitive  to  the  detailed  shape  of  the  dis¬ 
tribution  function  (e.g.  for  analyzing  the  stability  of  EM  modes),  simpler 
models  may  be  used. 

3.  LINEAR  STABILITY  ANALYSIS 

17  18  22 

The  results  of  linear  stability  analyses  reported  previously  *  ’ 

are  presented  here  in  a  more  general  form  so  that  they  may  be  applied  to 
beams  of  various  species.  The  composition  of  the  channel  plasma  is  also 
unspecified.  Growth  rates  will  vary  as  the  beam  heats  the  channel  plasma 
and  as  the  channel  expands.  The  changes  in  the  hydrodynamic  structures  of 


the  channel  occur  gradually  over  the  pulse  duration  of  the  beam.  Growth  rate 
expressions  appropriate  near  both  the  front  and  the  tail  of  the  beam  are 
presented  in  order  to  determine  how  hydrodynamic  changes  alter  the  results. 
Most  notably  these  changes  include  (1)  a  reduction  in  the  e-i  collision 
frequency  at  the  tail  of  the  beam  where  the  plasma  is  heated,  and  (2)  a  reduc¬ 
tion  in  the  magnetic  field  in  the  interior  of  the  channel  at  late  times  in  the 
pulse  as  the  new  highly  conducting  heated  plasma  expands  due  to  J  *  B  forces. 
Near  the  front  of  the  beam,  the  beam  ions  follow  betatron-like  orbits  while 
at  the  tail  of  the  beam,  the  beam  ions  move  in  more  straight  line-like  orbits 
with  reflections  off  of  the  magnetic  field  piled  up  at  the  edge  of  the 
channel. 

3.1.  SS  Modes 

The  E3  modes  are  the  fastest  growing  modes  when  driven  unstable. 

Unstable  growth  will  generally  reach  nonlinear  saturation  on  a  time  scale  much 
faster  than  the  beam  pulse  duration.  These  modes  involve  either  charge 
bunching  (e-b  and  e-i  modes)  or  density  bunching  (ion-acoustic  mode)  and 
generally  exhibit  their  largest  growth  for  _k  =  ke2,  which  is  a  result  of  the 
small  thermal  spread  in  the  axial  direction  before  axial  beam  compression 
occurs . 

3.1a.  e-b  Two  Stream  Mode 

The  e-b  two  stream  instability  is  driven  by  the  relative  streaming 
between  the  beam  ions  and  plasma  electrons.  In  general  the  beam  can  be 
considered  warm  because  Vt(z)/Vj3  >  2[meZ£nb  (z) /m^Zsr.p]1/3  even  before  beam 
bunching  occurs.  Here  m^  is  the  beam  ion  mass.  Near  the  front  of  the  beam 
the  betatron  motion  of  the  ions  can  reduce  the  growth  rate  of  the  mode  which 
is  giver,  by 


where  =  4ira2Z£nb  (z)  /m^  ar.d  w2e  =  4te2  Z„r.p/me  are  the  beam  and  electron 
plasma  frequencies  respectively.*  The  electron-ion  collision  frequency  is 
given  by  vQj_  =  1. 45*lQ-Sz|npAe  j_/T|/2 ,  where  Te  is  in  eV  and  is  the 
Coulomb  logarithm.  The  reduction  factor,  R,  equals  the  fraction  of  beam  ions 
which  can  effectively  participate  in  the  wave  growth.  If  y^  >  which_  is 

the  usual  case,  all  ions  can  participate  and  R  =  1.  Here  wg  =  **  is 

the  ion  betatron  frequency  and  u)cv3  is  the  beam  cyclotron  frequency.  If 
Yj  <  2u) 3,  only  those  ions  with  £z  <  1/k  can  participate,  where  iz  is  the 
amplitude  of  the  betatron  oscillations  about  z  =  vzt  (see  Fig.  5) .  The  17 
amplitude,  Iz,  depends  on  the  ion  injection  conditions,  r(z=0)  and  a(z=0). 

If  this  amplitude  is  large,  the  ion  moves  across  many  wave  fronts  before  the 
instability  e-folds  even  once,  and  thus  cannot  effectively  participate  in 
wave  growth.  The  value  of  R  must  be  calculated  from  the  actual  distribution 
function.  For  a  Gaussian  distribution  R  'v  SwgVtj/kvl  for  k  >  StogV^^/V^  ana 
R  *  1  for  k  <  8aigV^/V^.  At  the  tail  of  the  beam,  betatron  effects  are  less 
important,  so  that  R  =  1  in  Eq.  (1)  . 
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Beam  heating  of  the  plasma  can  considerably  reduce  the  damping  term 
in  Sq.  (1)  as  e-i  collisions  become  less  frequent.  Beam  bunching,  on  the 
other  hand,  reduces  the  driving  term  in  Sq.  (1)  as  Vt  increases  dramatically. 
Thus  the  potentially  most  dangerous  position  for  wave  growth  lies  at  the  tail 
of  the  beam  (R=l)  at  the  beginning  of  the  transport  channel  before  signifi¬ 
cant  beam  bunching  occurs. 

3.1b.  e-i  Two  Stream  Mode 

The  e-i  two  stream  mode  is  driven  by  the  relative  streaming  between 
the  background  electrons  and  ions.  The  electrons  drift  with  an  average 
velocity  Ve~ntZ^V^/Zpnp  relative  to  the  stationary  ions  and  in  general  Ve  <  ue 
Hera  ue  is  the  thermal  velocity  of  the  electrons.  The  expression  for  the 
growth  (damping)  rate  is 


jcc  i  p  T  " 

(Tr/a)1*  - ! -  z  (T  /T.)3/'2  exp - - - 

(l+k2X2  )2  (  r  6  1  L  2T. (l-k2X2  ) 

De  i  De  ' 


k  (*  -  k  Ml 


L 

where  cs  =■  (Te/mj_)  is  the  ion  sound  speed,  XDe  =  (Te/4TTe2Zpnri) ^  is  the 
electron  Debeye  length  and  where  a  simple  Krook  model  was  usecl  for  the 
collision  term.  In  deriving  Eq.  (2),  it  was  assumed  that  vej_  <  kcs/  (l+k2Xge) 15 
When  Te  'v  Tj_  this  reduces  to 


Y2  *  ~Vei 


(tt/8) 


(l+k2X2  )3/2 
De 


2P  exp  L~  TaZ? 

(l+k2X2  )h 
De 


z mi  ] 


Since  Ve  is  usually  less  than  Ug,  the  mode  is  typically  stable. 
3.1c.  Ion-Acoustic  Mode 


If  Te  >>  then  the  drifting  electrons  can  drive  an  ion-acoustic 
instability.  In  this  case  Eq.  (2)  reduces  to 


Y3  %  -v 


(l+k2X2  ) 3/2 
De 


V  - 
e 


(l+k2X2  )’ 
De 


This  predicts  instability  (y  >  0) ,  if  V^/cs  >  (l+kzX£e)  and  if  vei  is 
sufficiently  small.  However,  the  severity  of  the  condition  on  Te/Tj_  is  often 
overlooked.  For  Ve/cs  as  large  as  5,  Te/Tj_  must  be  greater  than  12  for 
instability  even  for  kXDe  <<  1.  Figure  6  shows  the  critical  values  of  Te/Tj_ 
for  instability  versus  k  for  various  values  of  Ve/cs  (assuming  vei  =  0) . 

Since  Te/Tj_  is  not  expected  to  reach  such  high  levels,  in  general  ion- 
acoustic  turbulence  is  not  expected. 


3. Id.  ES  Stability  Conditions 


Since  the  e-b  mode  is  the  only  ES  instability  which  could  be  gen¬ 
erated,  it  is  iraporcant  to  state  under  which  conditions  it  may  be  avoided. 
For  stability  (y,  <  0)  Eq.  (1)  states  that 


25/2n3/2 

_£ _ 2_ 


ei 


Z2n 


t3/2 

e 


>  3.2  x  10' 


b"b(ziVb 
ubvt(z) 


(5) 


is  required.  Here  ub  =  mjj/mjr,  Te  is  measured  in  eV  and  all  other  variables 
are  in  Gaussian  units.  This  condition  used  in  conjunction  with  the  condition 


n  *  1.4  x  io12  I  ,r~2  (I  <z)t ,(.z)/S)h  ,  (6) 

p  cn  cn  b  b 

derived  from  MHD  considerations^,  set  constraints  on  nu  and  Te  for  good 
transport.  Here  Icb  and  Ib  are  measured  in  amps  and  S  is  the  beam  stopping 
power  of  the  plasma  measured  in  erg*cm2/g.  Eq.  (6)  gives  the  ion 
density  in  the  channel  required  for  minimum  beam  energy  loss  in  the 
channel  during  transport.  Given  this  required  ion  density,  Eq.  (5)  sets  an 
upper  limit  or.  Te,  beyond  which  electrostatic  turbulence  will  set  in.  For 
good  transport  both  of  these  conditions  must  be  satisfied.  Generally  the 
stability  criterion  in  Eq.  (5) ,  is  most  severely  tested  at  the  tail  of  the 
beam  where  Te  is  largest  and  at  the  beginning  of  the  transport  channel  before 
significant  bunching  occurs  where  vt(z)  is  smallest  (Vt(z)/Vb  *  <4/2)  . 

3.2  EM  Modes 


The  EM  modes  are  slower  growing  modes  than  the  ES  modes,  so  that  even 
if  the  mode  is  unstable,  growth  may  not  have  sufficient  time  to  reach  non¬ 
linear  saturation  during  the  pulse  duration  of  the  beam.  The  modes  are  nearly 
purely  growing  (i.e.  do  not  convect  with  the  beam)  and  involve  current 
bunching  or  filamentation  of  the  beam  and/or  plasma  channel.  The  wave  vector, 
k,  is  oriented  perpend icular  to  the  direction  of  beam  propagation  with 
k  =  k£r  for  the  Weibel  mode  (radial  current  bunching)  and  k  =  keg  for  the 
whistler  mode  (azimuthal  current  bunching) .  In  addition,  the  cylindrical 
geometry  dictates  that  kr  >  2m/rb  and  kg  >  l/r&  where  l  is  an  integer. 

3.2a.  Beam-Whistler  Mode 


The  beam-whistler  instability  is  driven  unstable  by  the  relative 
streaming  motion  between  the  beam  ions  and  the  channel  plasma.  Since  the 
wave  vector  is  in  the  azimuthal  direction  and  the  beam  ions  execute  their 
betatron  orbits  in  the  r-z  plane,  the  betatron  motion  of  the  beam  has  little 
effect  on  the  mode.  However,  a  small  spread  in  angular  momentum,  which  is 
observed  experimentally,  can  reduce  the  growth  rate  significantly.  With  no 
spread  in  angular  momentum  (Vg/c2  <  2veiWpbVb/cu)pe)  the  growth  rate  is 


V 


Vz)vb/C 


(7) 
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at  k  ^  Y^/Vfc.  Here  Vg  is  a  measure  of  the  thermal  spread  in  the  azimuthal 
velocity  of  the  bean  ions.  If  kr^  <  1,  peak  growth  rate  is  reduced  to 
[l-  (k0rjj)  ~2]  Y4  because  of  geometry  constraints  and  if  k0rfc  <  1,  no  growth  is 
possible.  The  critical  wavenumber  kQ  =  V^/cVg  [see  Sq.  (35),  Ref.  18]. 

If  there  is  wave  growth  at  a  given  point  in  z,  the  number  of  e-folds  that 
occurs  is  just 

cVz> 

N  -  \  0  y (t)dt  ,  (9) 

JQ 


where  the  time  dependence  of  the  plasma  parameters  must  be  considered.  Most 
importantly  ve^  decreases  at  Te“3/2(t)  as  the  plasma  is  heated  by  the  passing 
beam.  Note  that  beam  thermal  effects  do  not  completely  quench  the  instability 
because  of  the  finite  plasma  resistivity.  Given  information  from  MHD  consid¬ 
erations  on  the  time  variation  of  the  plasma  parameters  due  to  beam  passage, 
one  can  then  determine  from  Sq.  (9)  whether  significant  azimuthal  beam  current 

bunching  occurs. 

3.2b.  Beam-Weibel  Mode 

For  the  beam-Weibel  instability  the  wave  vector  is  in  the  radial 
direction.  In  this  case  the  spread  in  perpendicular  velocities  associated 
with  the  betatron  motion  of  the  beam  ions  reduces  the  growth  rate  of  the 
instability.  A  measure  of  the  radial  velocity  spread  is  given  by  Vqc^,  so 
that  the  peak  growth  rate  is  given  by 


24/5v  ,ui2  (z)/ui2  a9/5 
ei  pb  pe  m 


7/5 

at  k  v  y  5/vb3;n  •  Again  the  number  of  e-folds  that  occur  at  a  given  point 

in  z  can  be  determined  by  Sq.  (9)  and  MHD  considerations.  Since  the  thermal 
spread  in  the  radial  velocity  is  typically  comparable  or  larger  than  the 
thermal  spread  in  the  azimuthal  velocity,  the  beam-Weibel  instability  is 
generally  less  dangerous  than  the  beam-whistler  mode.  A  superposition  of 
both  unstable  modes,  however,  will  lead  to  beam  filamentation. 


3.2c.  Plasma-Slectron  Mode 


If  beam  thermal  effects  or  geometry  constraints  prevent  the  beam 
from  driving  strong  EM  wave  growth,  instability  can  still  result  from  the 
electron  return  current  established  with  the  plasma.  Because  of  the  high 
collisionality  (ve^_  >  wce)  of  the  plasma  electrons,  radial  (k  =  ker)  and 
azimuthal  (k  =  keg)  EM  modes  driven  by  the  plasma  electrons  are  essentially 
indistinguishable  (aside  from  small  geometric  effects) .  The  analysis  must 
include  electron  thermal  effects,  as  well  as  collisional  effects  since  the 
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electron  streaming  velocity  is  subthermal  even  early  in  the  pulse  before  beam 
heating  occurs. 

At  early  times  in  the  pulse  when  u)Deue/cvej_  >  1,  the  peak  growth  rate  is 

Y  =  (to  .V  /c)  ( 2-Z~l)h  .  (11) 

pi  e  n 

Later  in  the  pulse  after  the  beam  heats  the  plasma  if  ojpeue/cve^  >  1,  then 
thermal  effects  slows  the  growth  of  the  mode.  The  maximum  growth  rate  is  then 
given  by 


Y  =  2"3//2oj  V2/cu 

pe  e  e 


(12) 


At  all  times  in  the  pulse  geometry  constraints  prevent  wave  growth  if 
kQrb  <  1  where  in  this  case  kc  =  a. ipeVe//2uec.  Since  again  this  mode  does  not 
convect,  the  number  of  e-folds  at  a  given  point  in  z  can  be  obtained  from 
Eqs.  (11) ,  (12)  and  (9)  and  MHD  considerations. 


3. 2d.  EM  Stability  Conditions 


If  the  growth  rates  of  the  EM  instabilities  are  slow  enough  such 
that  less  than  one  e-fold  (N<1)  occurs  during  beam  passage,  wave  growth  will 
be  washed  out  by  the  MHD  changes  in  the  beam-plasma  system.  Only  wave  growth 
with  N>1  will  affect  beam  transport.  In  order  to  prevent  the  beam  from 
filamenting,  the  beam  should  then  have 


al  2  vo/vS,  > 

m  o 


(13) 


where  again  Te  is  in  eV's  and  nv,  is  measured  in  cm-3.  This  condition  is 
derived  from  Eq.  (8)  for  azimuthal  current  bunching  which  is  typically  more 
severe  than  the  condition  for  radial  current  bunching  since  is  usually 
greater  than  Vg/V^.  Here  it  is  also  assumed  that  /Tupt (Z) r^V^/cVg  >  1,  which 
is  the  usual  case.  In  order  to  evaluate  Eq.  (13) ,  a  knowledge  of  the  MHD 
response  to  beam  passage  is  required,  in  particular,  one  must  know  the  time 
history  of  the  electron  temperature. 

If  the  beam  is  warm  enough  to  prevent  beam  f ilamentation  (i.e., 

Eq.  (13)  is  satisfied) ,  it  is  still  possible  for  the  channel  to  filament. 
Channel  f ilamentacion  is  avoided  if 


(14) 


Here  Up  =  mp/raH,  Jb^2^=“benb^s^vb' measured  in  sA/cm2  and  t. 
is  defined  as  the  time  it  takes  for  the  beam  to  heat  the  plasma 
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Co  =  1.4x10“^ (ZpCc^^X^)^  in  eV.  If  Te(0)  >t|,  then  tj  =  0  and  the  first 
tern  in  Eq.  (14)  does  not  contribute.  If  t^  s  then  the  second  tern  in 
Eq.  (14)  does  not  contribute  and  the  limits  on  the  integration  of  the  first 
term  go  from  0  to  Tb(Z).  In  Eq.  (14)  it  was  assumed  the  ipgr^Vg/ZugC  >1 , 
which  is  the  usual  case.  Eq.  (14)  sets  an  upper  limit  on  transportable  beam 
current  density  above  which  channel  f ilamentation  will  develop. 

4.  CONCLUSIONS 

The  stability  conditions  in  Eqs.  (5),  (13)  and  (14),  identify  important 
constraints  on  beam  propagation.  Eq.  (5)  together  with  Eq.  (6)  states  that 
the  plasma  cannot  be  heated  above  a  certain  critical  temperature  without 
generating  electrostatic  microturbulence.  Such  turbulence  will  degrade  beam 
quality  and  confinement.  In  general  the  most  severe  constraint  on  Te  exists 
at  the  tail  of  the  beam  before  bunching  occurs  where  the  critical  temperature 
is  defined  by 


Tc(eV) 

e 
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U2n3ZsX2 . a3 
b  p  p  ei  m 

ZJn2(z=0) 


1/3 


(15) 


where  np  is  given  in  Eq.  (6) .  By  increasing  np  the  critical  temperature  can 
be  raised  at  the  expense  of  increasing  the  beam  energy  loss  during  transport. 
Operating  at  twice  the  density  specified  in  Eq.  (6)  increases  T^  by  a  factor 
of  two  but  only  increases  the  beam  energy  loss  by  25%.  The  actual  temperature 
that  the  electrons  will  reach  for  a  given  beam  and  background  gas  is  not 
always  easily  estimated  and  must  be  calculated  on  a  case  to  case  basis  and 
compared  with  the  critical  temperature  defined  in  Eq.  (15) .  Here  is  a 
measure  of  the  spread  in  axial  velocities  in  the  beam,  which  for  a  monoener- 
getic  beam  is  given  by  AVz/Vj3  v oJ/2 .  If  the  beam  has  a  spread  in  energy  such 
that  <  AE/E,  then  in  Eq.  (15)  should  be  replaced  by  (AE/E)4. 

Growth  of  electromagnetic  waves  can  be  held  to  a  tolerable  level  by 
allowing  for  a  reasonable  spread  in  beam  perpendicular  energy  and  limiting 
the  beam  current  density.  If  the  beam  is  too  cold,  beam  f ilamentation  can 
occur  during  beam  transport.  The  condition  for  good  beam  transport  is  given 
in  Eq.  (13) .  If  the  beam  does  not  filament  but  the  beam  current  density  is 
too  high,  the  return  current  in  the  channel  cam  cause  channel  f ilamentation. 

In  order  to  prevent  this  from  occurring  Eq.  (14)  should  be  satisfied.  The 
conditions  given  in  Eqs.  (13)  and  (14)  may  actually  be  too  severe  since 
channel  hydrodynamic  effects  have  not  been  included  self  consistently  in  the 
analysis.  Channel  expansion  due  to  J x  b  force  may  tend  to  prevent  growth  of 
these  transverse  modes.  These  effects  are  presently  under  investigation. 
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Fig.  1 -Schematic  of  ion  diode,  focusing  region  and  transport  channel  for  light  ion  beam  ICF  module. 
The  ideal  diode  voltage  waveform  for  axial  bunching  is  also  shown  where  b0  in  the  initial  diode  voltage, 
tj  is  the  beam  arrival  time  at  the  target  and  is  the  beam  pulse  duration  at  injection. 
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ion  charge  state  in  the  diode  and  a  is  the  diode  voltage),  am  is  the  maximum  injection  angle,  rs  is  the 
beam  spot  size  (or  aperture  size)  and  rb  is  the  beam  radius  in  the  channel.  Also  shown  is  the  channel 
current  required  to  coniine  the  beam  where  Zb  is  the  charge  state  of  the  beam  ions  in  the  channel  and 
Mb  =  mb/mH- 
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PLASMA: 

Te  £Ti 

^ei  (  Tb  )  >  ^ce 

Ve5=ZbnbVb/ZPnP<(Te/me)  2 


BEAM: 
Vb/c  « I 
nb  <<  np 

Vt  2 
—  ~om 


Fig.  3— Schematic  of  particle  distribution  in  vz.  Here  i,  e  and  b  are  the  plasma  ions,  plasma  electrons 
and  beam  ions,  respectively,  and  Vt  is  the  measure  of  the  spread  in  the  beam  distribution.  Other 
typical  beam-plasma  conditions  are  also  listed. 
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CONSTRAINTS  ON  TRANSPORTABLE  ION  BEAM  POWER 
1.  INTRODUCTION 

The  development  of  terawatt-1 evel  ion  beams  has  generated  a  great  deal  of 
interest  in  using  light-ion  beams  to  drive  thermonucl ear  pellets. 1-15  Target 
design  studies  for  light-ion  beams  indicate  that  -  4  MJ  of  ions  must  be 
delivered  in  —10  ns  to  an  -1  cm  diameter  pellet  in  order  to  achieve  high 
gain  thermonucl  ear  ignition.113  Since  present  technology  cannot  provide  a 
single-module  pulsed-power  system  from  which  4  MJ  of  ions  can  be  extracted,  a 
multimodule  system  is  required.  In  addition,  a  transport  scheme  and  a  method 
for  beam  pulse  compression  are  needed,  since  typical  pulse  durations  are  on 
the  order  of  -50  ns. 

One  possible  transport  scheme  involves  the  use  of  a  z-discharge  channel 
for  transporting  ion  beams.11  Focusing  can  be  achieved  by  a  combination  of 
geometric  and  magnetic-field  focusing  prior  to  injection  into  the 
channel.12,13  Beam-pulse  compression  results  from  ramping  the  diode  voltage 
so  that  the  tail  of  the  beam  catches  up  to  the  head  of  the  beam. 13,14  In 
addition,  a  final  focusing  cell  can  be  used  at  the  exit  of  the  transport 
system  to  radially  compress  the  beam  to  pellet  size.15  Figure  1  illustrates 
one  module  of  such  a  multimodule  system. 

Assuming  that  the  z-discharge  channel  is  itself  produced  in  the  MHO 
stable  configuration,  the  question  of  the  effects  that  the  passage  of  the  beam 
will  have  on  the  equilibrium  and  stability  of  the  beam-plasma  system  is  an 
important  one.  The  MHO  response  of  the  plasma  has  been  treated  elsewhere15 
and  will  only  be  briefly  reviewed  here.  Analyses  of  stable  beam  propagation 
in  straight  and  tapered  channels,  as  well  as  in  bumpy  channels  (subject  to 
sausage  instability),  have  also  been  done  previously.1'7  This  work  shows  that, 
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in  the  absence  of  microinstabilities  driven  by  the  beam,  good  beam  transport 
and  bunching  is  possible  under  the  conditions  set  by  MHO  considerations  (which 
will  be  outlined  in  Sec.  3).^  However,  in  the  presence  of 
microinstabilities,  beam  transport  and  bunching  can  be  seriously  affected. 

Transport  constraints  arising  from  electrostatic  (ES)  and  electromagnetic 
(EM)  velocity-space  instabilities,^’33  which  can  grow  on  a  time  scale  much 
faster  than  the  beam  pulse  duration,  will  be  reviewed  in  this  report.  The 
problem  will  be  considered  with  the  goal  of  identifying  an  operational  window 
for  good  transport  and  bunching.  The  results  will  be  presented  in  a  general 
form  so  that  they  may  be  applied  to  beams  of  various  low  atomic  nunber  species 
propagating  in  channel  plasmas  of  different  compositions. 

2.  STABILITY  CONSTRAINTS 

In  order  to  provide  stable  transport  for  the  beam,  certain  constraints 
are  put  on  the  transport  system.  The  two-stream  instability  will  rapidly 
generate  electrostatic  microturbulence  unless  growth  of  the  mode  is 
prevented.  19,21,22  turbulence  will  degrade  beam  quality  and 

confinement.  9y  maintaining  the  plasma  electron  temperature  below  the 
critical  temperature. 


Tg(eV) 


'W4Y/3 

) 


the  two-stream  mode  will  remain  collisionally  stabilized.  In  Eq.  (1)  is 

the  atomic  weight  of  the  beam  ion,  nb  and  np  are  the  beam  and  plasma  ion 

densities  measured  in  particles/cm3,  7^  and  Zp  are  the  beam  and  plasma  ion 
charge  states,  Vb  is  the  beam  velocity,  PVz  in  the  axial  velocity  spread  of 

the  beam  and  is  the  Coulomb  logarithm.  In  general,  the  most  severe 
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constraint  on  Te  exists  at  the  tail  of  the  beam  (after  the  front  of  the  beam 
has  heated  the  channel)  prior  to  beam  bunching  (at  the  beginning  of  the 
transport  channel).  Note  that  by  increasing  np,  can  be  raised.  Operating 
at  twice  the  density  required  for  minimum  beam  energy  loss  during  transport, 

r 

increases  Tg  by  a  factor  of  two  but  only  increases  the  beam  energy  loss  by 
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One  can  estimate  the  final  temperature  from  the  rate  of  collisional  beam 
deposition  in  the  channel  plasma  by  using^fi 


Tg  (eV)  =  Tq+  6.9xl09  JbrQ/E  , 


(2) 


so  that  the  ES  stability  constraint  is  given  by 


<  tc 

e  e 


(3) 


Here  TQ  is  the  initial  electron  temperature  measured  in  eV,  Jb  is  the  beam 
current  density  measured  in  MA/cm^f  is  the  pulse  duration  of  the  beam 
measured  in  seconds  and  T  is  the  average  beam  energy  measured  in  MeV.  In 
deriving  Eq.  (2)  it  is  assumed  that  Te~T .  since  this  is  the  usual  case;  this 
also  precludes  the  existence  of  ion  acoustic  instability.  In  plotting 
constraint  curves  one-to-two  times  the  density  required  for  minimum  beam 
energy  loss  is  used  to  calculate  np  and  a  10%  spread  in  beam  energy  is  assumed 
so  that  CiV 2/V ^  =  0.05  in  Eq.  (1).  TQ  was  chosen  to  be  -10  eV  in  Eq.  (2).  It 
will  also  be  assumed  in  all  the  stability  constraints  considerations  that 


deuterium  gas  is  used  to  fill  the  transport  system  so  that  Zp=l  and  Ap*2.  If 

2 

the  beam  is  monoenergeti c,  AV 2/ Vb~  0^  for  the  ES  stability  constraint. 

Here  0  is  the  maximum  angle  of  injection  into  the  transport  channel, 
m 

However,  foil  scattering  and  field  fluctuations  are  expected  to  produce  a 
spread  in  beam  ion  energies  of  about  10%  and  this  spread  will  be  used  in  the 
ES  stability  constraint  curves.  Energy  spreads  larger  than  about  15%  at 
injection  into  the  channel  may  adversely  affect  beam  bunching. 

Growth  of  electromagnetic  waves  can  be  held  to  a  tolerable  level  by 
allowing  for  a  reasonable  spread  in  beam  perpendi cul ar  energy  and  limiting  the 
beam  current  density. 20-23  the  &eam  too  coi<j>  beam  fi lamentation  can 
occur  during  transport.  The  condition  for  good  beam  transport  is 
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where  V ,  is  a  measure  of  azimuthal  velocity  spread  in  the  beam  and  T1"  and  T_ 

$  e  o 

are  defined  in  Eq. ( 2) .  Here  it  is  assumed  that  the  azimuthal  velocity  spread 
is  comparable  with  the  radial  velocity  spread  (i.e.  ,  »  which  is 

consistent  with  experimental  observations.  Note  that  high  electron 
temperatures  are  beneficial  nere,  whereas  is  required  for  two-stream 

stabil ity. 

If  the  beam  does  not  filament  but  the  beam  current  density  is  too  high, 


the  return  current  in  the  channel  can  cause  channel  f i  1  amentation.  In  order 
to  prevent  this  from  occurring  requires  that^ 


where  t,  is  defined  as  the  time  it  takes  for  the  beam  to  heat  the  plasma 

4  3  2  V4 

to  Te(t1)  =  1.4x10"  {Zpnpxfe)  in  eV.  If  Te(ti)<T0»  ^=0  and  the  first  term 
in  the  large  square  brackets  on  the  right  hand  side  of  Eq.  (5)  is  dropped. 

If  t^>Tb  the  last  term  in  the  large  square  brackets  is  dropped.  In  the  cases 
considered  in  Sec.  4,  the  first  term  in  the  square  brackets  in  Eq.  (5)  can  be 
ignored,  since  TQ  is  found  to  be  ~  10  eV  for  deuterium  discharges  which  is 
typically  greater  than  Te (t ^ )  .  For  higher  Z  channel  gases  this  may  not  be 
the  case. 

Eqs.  (3)-(5)  are  the  stability  constraints  which  limit  the  transportable 
beam  power.  These  constraints  along  with  MHO  and  energy-loss  considerations 
will  determine  an  operational  window  for  good  transport  and  bunching. 

3.  MHD  AND  ENERGY-LOSS  CONSTRAINTS 

The  plasma  return  current  driven  in  the  channel  during  beam  transport 
results  in  a  radial  JxB  driven  expansion  of  the  channel  plasma.^  Typically, 
thermal  expansion  is  unimportant.  In  order  to  avoid  excessive  channel 
expansion,  the  beam  current  is  limited  to 

'b  «  3!<10'10  »  4a2  ’ch  •  <6> 

where  Ib  and  Ich  are  the  beam  and  channel  current  in  MA,  p  is  the  mass  density 
of  the  channel  in  g/cm^  and  rcb  is  the  channel  radius  in  cm.  Here  it  is 
assumed  that  the  beam  radius  rb>  is  equal  to  rcb.  The  uniform  channel  current 
inside  rch  required  to  confine  the  beam  can  be  expressed  as17 

‘ch  ■  '-3  9m  rV?,Zb  '  (7) 
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where  7  is  the  beam  particle  energy  in  Me'/.  The  strong  dependence  of  Ib  on 
rch  makes  large  radius  transport  very  attractive,  however,  a  final  focusing 
scheme  must  then  be  employed  to  radially  compress  the  beam  to  pellet  size 
after  transport.  A  factor  of  three  compression  in  radius  seems  easily 
attainable  in  the  final  focusing  cell  and  will  be  assumed  for  many  of  the 
plots  in  Sec.  4. 

The  transport  channel  length  is  determined  by  bunching  requirements  and 

1  Q 

is  given  by1 

L  .  1.3x10s  (1-1)  (Tt-Tb)  E(Tb)V£,  (8) 

where  E(*b)  is  the  final  ion  energy  produced  at  the  end  of  the  pulse,  a  is  the 
bunching  factor  and  is  the  transit  time  of  the  beam  from  the  diode  exit  to 
the  bunching  location.  The  transit  time  is  also  related  to  the  diode  voltage 
ramp  with 

*(t)  *  »(0)/{l-t/Tt)2  ,  (9) 

where  }>(t)  is  the  ideal  diode  voltage  waveform.  Here  it  will  be  assumed  that 
a  factor  of  5  bunching  is  acheived  with  a  beam  energy  spread  at  the  bunching 
location  of  50%,  so  that 

L  =  4x1 09  xb  E^A^  ,  (10) 

where  now  l  is  written  in  terms  of  the  average  ion 

energy,  7  =  [E{0)+E(rb)]/2.  With  the  assumption  of  a  50%  energy  spread  at  the 
bunching  location,  one  finds  E(0)  =  37/4  and  E(r  )  =  57/4.  This  channel 
length  then  determines  the  beam  energy  lost  during  transport.  It  is  also 
assumed  that  the  focusing  distance,  F,  is  much  shorter  than  l  so  that  the 
bunching  length  and  channel  length  are  approximately  equal. 
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The  beam  losses  energy  to  the  channel  plasma  by  colli  si onal  slowing  down 
and  deceleration  in  the  self-consistent  axial  electric  field  generated  in  the 
plasma.  The  electric  field  results  from  a  resistive  Jp/o  component  and  an 
inductive  V^xB.  component  with  the  latter  typically  larger.  Assuming  that  the 
electric  field  is  predominately  inductive,  the  optimum  mass  density  for  the 
channel  for  minimum  energy  loss  during  transport  is  given  by^»^® 
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For  PsXP0pt  and  deuterium  as  the  fill  gas  in  the  channel,  the  fraction  of  beam 
energy  lost  during  transport  over  the  distance  L  (defined  in  Eq.(10))  is 
expressed  as 
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(12) 


Because  Eq.  (12)  was  derived  for  ions  with  the  average  energy,  ions  at  the 
head  of  the  beam  will  lose  slightly  more  energy  and  ions  at  the  tail  of  the 
beam  will  lose  slightly  less  energy.  Also,  since  <SE/F  as  a  function  of  x  has 
a  minimum  at  x=l ,  variations  of  x  about  x=l  will  not  change  gE/F 
dramatically.  Operating  at  twice  the  optimum  mass  density,  or  at  x=2,  only 
changes  5E/F  by  25%  but  considerably  relieves  the  stability  constraints  as 
will  be  observed  in  Sec.  4. 

The  MHO  and  energy -loss  constraints  are  then  given  by  Eqs.  (6)  and  (12) 
when  combined  with  the  stability  constraints  found  in  Sec.  2,  the  operational 
window  for  good  beam  transport  and  bunching  is  defined. 
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4.  OPERATIONAL  TRANSPORT  WINDOW 

The  operational  window  is  defined  by  the  constraints  on  the  transport 

system  derived  from  ES  stability  conditions  (Eq.  (3)),  beam  and  channel 

fi 1 amentation  considerations  (Eqs.  (4)  and  (5)),  MHD  considerations  (Eq.  (6)) 

and  beam  energy-loss  limitations  (Eq.  (12)}.  All  constraints  are  written  in 

terms  of  the  average  ion  energy  F=[£{0)+E(tb)]/2.  Constraints  at  the  head  of 

the  beam  will  be  slightly  more  restrictive  while  those  at  the  tail  of  the  beam 

will  be  slightly  more  relaxed.  For  each  of  these  five  constraints,  a 

condition  on  the  transportable  beam  power  can  be  derived  as  a  function  of  the 

angular  spread  in  the  beam  measured  by  3  .  For  convenience,  the  conditions 

Vo 

will  be  expressed  in  terms  of  EQ=F/Ab  which  is  the  energy  of  an 
equivalent-range  proton.  In  terms  of  EQ  the  beam  power  can  be  written 
as  P=I.  A.^Eq  where  P  is  in  TW,  1^  is  in  MA  and  EQ  is  in  MeV.  It  will  also  be 
assumed  that  the  channel  gas  is  deuterium.  Otherwise,  the  simple  estimate  for 

f 

Tg  given  in  Eq.  (2)  must  be  replaced  by  a  much  more  complicated  expression 
because  of  the  more  complex  chemistry  and  radiation  processes  in  higher  atomic 
number  gases. 

The  conditions  on  the  transportable  beam  power  will  be  expressed  as 

functions  of  R/F  where  R/F=  3^  when  the  beam  is  focused  a  distance  F 

downstream  from  a  diode  of  radius  r. 12,18  -y^g  transport  channel  entrance  is 

positioned  at  the  focus  and  the  maximum  injection  angle  into  the  channel  is 

R/F.  This  assumes  that  R/F  is  much  larger  than  the  angular  divergence  of  the 

beam  at  the  source.  If  this  is  not  the  case,  or  if  a  small  radius  diode  is 

used  with  no  focusing,  then  P  should  be  plotted  as  a  function  of  9  ,  the 

angular  divergence  of  the  beam  at  the  channel  entrance.  In  that  case,  the 

horizonal  axis  in  the  plots  should  read  9  rather  than  R/F  and  R/F  should  be 

m 

replaced  by  3^  in  Eqs.  (1 3)-(l 7). 
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Each  of  the  five  conditions  on  P(R/F)  will  depend  only  on  the  parameters 
x,  E0,  rb,  Tb,  Ab  and  Zb.  In  all  that  follows  it  is  assumed 
that  rch=  rb,  p=xpQpt,  a=5,  aE/T  before  bunching  ~  0.1,  aE/T  after 
bunching  ~0.5  and  the  pellet  radius  is  ~Q. 5  cm.  In  deriving  the  constraints 
due  to  filamentation  considerations,  it  is  assumed  that  Tg(t^)  <  10  eV  so 

that  the  first  term  in  Eq.  (5)  can  be  dropped.  The  five  conditions  are  then: 
i)  ES  stability  condition  before  bunching. 


P<P£S  =  1.6x10 


-3 


6r?Al3/2x*R12V/7 


b  b 


ei 


(13) 


where 


Aei*  24  -  In 


iq2r  rb 


^b 


and  1.6xl0~3  is  replaced  in  Eq.  (13)  by  IxlO"2  to  obtain  the  ES  stability 
condition  after  bunching  occurs  in  order  to  reflect  the  increased  velocity 
spread  in  the  beam; 

i i  )beam  filamentation  condition 


R/F  >  9^  =  2.5x10' 


A4  E2 
•  2  (  Aei  Lo 


J/8 


4  4 


(14) 


where  P  only  enters  weakly  through  A  .j  ; 


iii)  channel  filamentation  condition 

P  <  PCF  =  (1.76xl05x2R4/ZhF4)  (Ej4T2Ahn)1/6; 


“b  b 


(15) 
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iv)  MHO  channel  expansion  condition 


P  <  P. 


MHO 


,-21..2^4f2 

bV 


=  1.5xlO'‘-ixtT:£"/x, 


ind 


(16) 


v)  beam  energy-loss  condition 


P  <  P 


5E- 


1.36xl0"25r£E2F4 
(x+x'1)2  t2R4 


(17) 


where  it  is  assumed  that  3E/7  <0.25.  In  general,  the  beam  ions  are  fully 
stripped  after  passing  through  the  cathode  foil,  which  separates  the  diode 
vacuum  regime  from  the  gas  filled  focusing  region,  and  the  foil  between 
focusing  region  and  the  transport  channel. 

In  the  plots  that  follow,  the  operational  window  is  defined  by  the  shaded 
region  with  the  boundaries  of  the  window  defined  by  Eqs.  (1 3) -( 1 7) .  The  two 
left  boundaries  are  the  beam  and  channel  fi lamentation  constraints  (ii  and 
iii),  the  top  boundary  is  the  ES  stability  condition  (i )  and  the  right 
boundary  is  the  energy-loss  limitation  constraint  (v).  The  MHD-channel- 
expansion  condition  (iv)  is  easily  satisfied  in  all  the  cases  that  will  be 
considered  and  will  not  play  a  role  in  defining  the  operational  windows.  In 
some  cases,  the  channel -fi 1 amentation  constraints  (iii)  will  be  severe  enough 
to  dominate  over  the  beam  filamentation  constraints  (ii)  or  the  ES  stability 
condition  (i )  or  both  so  that  the  window  has  only  three  (e.g.  ,  Fig.  5)  or  two 
(e.g. ,  Fig.  6)  boundaries  rather  the  four. 

For  a  given  beam-energy  spread  and  energy -loss  limitation,  the  top  and 
right  boundaries  are  hard  boundaries  whereas  the  beam  and  channel 
filamentation  constraints  on  the  left  boundary  are  somewhat  fuzzy.  The 


1 1 


fi 1 amentation  constraints  are  derived  by  assuming  that  less  than  one  e-fold 
occurs  during  beam  transport  but  the  initial  perturbation  level  is  unknown. 

If  the  initial  perturbation  is  small,  then  the  fi 1 amentati on  constraints  given 
in  Eqs.  (14)  and  (15)  are  too  severe  and  the  left  boundaries  can  be  moved 
further  to  the  left.  Channel  hydromotion  and  time  variations  in  the  beam 
distribution  function  will  also  tend  to  relax  the  filamentation  constraints. 

The  dashed  line  in  the  window  is  the  ES  stability  constraint  if  the  beam 
were  monoenergetic.  A  beam  energy  spread  of  10%,  as  assumed  in  Eq.  (13), 
considerably  increases  the  size  of  the  operational  window  by  moving  the  ES 
stability  constraint  up  to  the  top  boundary. 

The  contours  in  the  plots  are  lines  of  constant  density.  In  each  plot 
for  a  given  P  and  R/F  the  channel  density  is  defined  by  np  =  xpQpt/2M  where  2M 
is  the  mass  of  a  deuteron  and  pQpt  is  defined  in  Eq.  (11).  The  upper  set  of 
numbers  labeling  the  contours  denotes  the  ion  density  of  the  plasma  in  units 
of  1017  particles/cm3.  The  lower  set  of  number  in  parenthesis  is  the 
percentage  of  the  beam  energy  which  is  lost  during  transport  at  the  specified 
plasma  density.  The  required  channel  current  (Eq.  (7))  and  the  final  electron 
temperature  (Eq.  (2))  for  a  given  P  and  R/F  can  also  be  determined  from  each 
plot  by  referring  to  the  scale  either  above  or  to  the  right  of  the  plot.  The 
quantity  Icb  is  independent  of  P  and  T  ^  is  independent  of  R/F. 

In  Figs.  (2)-(5)  the  operational  window  is  shown  for  H+1,  D+*,  He+2  and 
C+6  respectively  for  E0=2  MeV,  x=l ,  rb=0.5  cm  and  Tb=5xl0"8s.  The  size  of  the 
window  increases  with  increasing  atomic  number.  Table  1  shows  that  three  of 
the  five  constraints  are  relaxed  by  increasing  Ab  while  the  other  two  are 
unchanged.  This  results  from  the  fact  that  less  beam  current  is  required  to 
transport  the  same  beam  power  at  the  same  EQ  as  Ab  is  increased.  Higher  Ab 
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allows  transport  of  both  higher  power  and  lower  R/F  beams,  so  that  the 
transportable  beam  power  brightness  P/(R/F)^,  improves  considerably. 

8y  increasing  x  (i.e. ,  the  channel  plasma  density),  the  ES  stability, 
channel  filamentation  and  channel  expansion  constraints  are  relaxed  but  the 
beam  energy-loss  constraint  is  more  severe.  Because  the  beam  energy-loss 
constraint  is  being  varied  about  a  minimum,  the  change  in  this  constraint  is 
not  dramatic.  This  is  shown  in  Fig.  6  which  should  be  compared  with  Fig.  2. 
The  real  benefit  of  increasing  x  is  not  realized  unless  rfa  and/or  EQ  are 
simultaneously  increased  in  order  to  relax  the  energy-loss  constraint.  This 
will  be  shown  more  clearly  in  Fig.  9. 

In  Fig.  7  the  parameters  are  all  the  same  as  in  Fig.  2  except  that  the 
channel  and  beam  radii  are  increased  from  0.5  cm  to  1.5  cm.  The  ES  stability 
channel  expansion  and  beam  energy-loss  constraints  are  all  relaxed  while  the 
filamentation  constraints  are  unchanged.  The  operational  window  has  increased 
considerably  in  size  with  a  maximum  transportable  power  now  on  the  oroer  of  5 
TW  at  R/F  of  about  0  18  radians.  This  results  from  decreasing  the  beam  power 
density  by  spreading  the  beam  over  an  area  9  times  larger  than  in  the  case 
considered  in  Fig.  1.  In  order  to  bring  R/F  to  a  lower  value  and  improve  beam 
brightness,  x  and/or  EQ  must  be  increased  at  the  same  time  as  r^  (see  Fig.  9) 
so  that  the  channel  filamentation  constraint  is  reduced. 

8y  increasing  EQ  all  the  constraints  are  relaxed  with  the  exception  of 
the  beam  filamentation  constraint  which  becomes  more  severe.  This  is  shown  in 
Fig.  8  where  all  the  parameters  are  the  same  as  Fig.  2  except  that  EQ  is 
increased  from  2  MeV  to  4  MeV.  The  maximum  transportable  power  in  this  case 
is  about  2.8  TW.  The  increased  beam  stiffness  and  lower  beam  current  for  a 
given  power  level  allows  higher  power  transport,  however,  lower  electron 
temperatures  allows  the  beam  filamentation  instability  to  grow  higher  R/F 
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values  than  in  Fig.  2.  This  is  a  result  of  reduced  stopping  power  of  the 
plasma  for  higher  energy  beams. 

The  combination  of  increased  x,  r^  and  EQ,  as  evaluated  in  Fig.  9, 
improves  the  transportable  power  considerably  to  a  peak  of  about  40  TW  at 
about  0.14  radians  for  protons.  These  results  should  be  compared  with  Fig. 

2.  At  25  TW  the  operational  transport  window  has  a  width  in  R/F  from  0.11  to 
0.16  radians.  Similar  results  for  0+"'  ,  He+-  and  C+®  are  shown  in  Figs.  10- 
12.  Once  the  beam  bunches  down  to  a  pulse  duration  of  10  ns,  the  operational 
window  opens  even  further  as  seen  in  Fig.  13.  From  Table  1  it  can  be  seen 
that  the  ES  stability,  channel  expansion  and  beam  energy-loss  constraints  all 
are  relaxed  when  is  decreased.  Oily  the  channel  fi 1 amentation  constraint 
is  more  severe  due  to  the  low  plasma  temperature  attained  during  the  shorter 
pulse  duration.  Thus  it  is  possible  to  transport  the  high  power  levels 
obtained  after  beam  bunching. 

5.  CONCLUSIONS 

By  transporting  in  large-radius  channels  and  ramping  the  diode-voltage 
waveforms  to  take  advantage  of  time-of-fl i ght  bunching,  high-power,  light-ion 
beams  can  be  delivered  to  a  target  a  few  meters  from  the  diode.  The  radius  of 
the  channel  is  limited  by  the  ability  to  compress  the  beam  radially  in  a 
short,  final -focusing  cell  positioned  at  the  end  of  the  transport  system. 
Operating  at  a  channel  density  which  is  slightly  higher  than  pQpt  and  at  an 
ion  energy  which  is  close  to  the  high  end  of  the  acceptable  energy  range 
(defined  by  target  designs)  considerably  increases  the  operational  transport 
window  for  a  large  radius  beam.  For  r^  =  1.5- cm,  x  =  2  and  4  MeV  protons,  it 
has  been  shown  that  a  40  TW  beam  can  be  transported  with  an  angular  divergence 
of  about  0.14  radians  (see  Fig.  9).  For  higher  atomic  weight  beams,  such 
as  D+,  He+^  and  C+f* ,  even  higher  power  levels  can  be  successfully  transported 
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(see  Figs.  10-12).  The  availability  of  relatively  pure  source  of  higher 
atomic  weight  ions  is  still  in  question.  If  lighter,  faster  moving  impurities 
are  generated  in  sufficient  quantities  in  a  higher-atomic-weight  ion  beam, 
damaging  preheat  of  the  pellet  may  occur. 

Although  a  pulse  compression  of  a  =  5  was  assumed,  the  actual  power 
multiplication  will  be  less.  Comparing  the  power  after 

T. 

bunching  (a/x^)  /  0  P(t)dt,  with  the  power  at  the  average  energy  (T,  as  used 
o 

in  Figs.  2-12),  one  finds  a  power  multiplication  of  about  4.3.  Thus,  when 
comparing  the  power  level  before  bunching  in  Fig.  9  with  the  power  level  after 
bunching  in  Fig.  13,  a  power  multiplication  of  4.3  should  be  used  rather  than 
5.  If  the  figures  had  been  plotted  at  E(x^),  comparison  of  peak  powers  before 
and  after  bunching  would  result  in  a  power  multiplication  factor  of  only 
3.1.  In  all  of  these  calculations  it  is  assumed  that  the  10  ns  power  pulse 
after  bunching  is  flat  topped  and  that  I~E  at  high  diode  voltages. 

From  Fig.  13  one  finds  that  propagating  a  100  TW,  10  ns  beam  is  feasible 
at  R/F  =  0.15  radians.  This  corresponds  to  about  a  20  TW,  50  ns  beam  before 
bunching  which  is  easily  within  the  operational  window  given  in  Fig.  2.  In 
order  to  deliver  4  MJ  to  a  pellet  in  10  ns,  only  4  channels  are  required. 

Thus,  if  time-of-flight  bunching  of  the  beam  and  final  focusing  can  be 
demonstrated,  transport  of  beams  at  power  levels  sufficient  to  ignite  a  pellet 
should  be  possible  in  less  than  10  and  possibly  in  as  few  as  4  channels. 
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Schematic  of  one  module  of  a  multimodule  light-ion  ICF  system. 
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Figure  10  -  Operational  transport  window  for  a  D+1  be 
with  x  =  2,  r,  *  1.5  cm,  E„  =  4  MeV  and  t 
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Figure  11  -  Operational  transport  window  for  a  H 
with  x  =  2,  r.  =  1.5  cm,  E  =  4  MeV 
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TRANSPORT  AND  BUNCHING  0?  LIGHT  ION  3 CANS  FOR  PELLET  rUSICN 


D.  Mosher,  G.  Cooperstein,  Shyke  A.  Goldstein* 

D.  G.  Colonbant,  P.  F.  Ottinger*,  F.  L.  Sandel* 

S.  J.  Stephanakis,  F.  C.  Young 

Naval  Research  Laboratory 
Washington,  D.  C.  20375 

I.  INTRODUCTION 

In  the  previous  paper,  Dr.  Cooperstein  discussed  the  techniques  required 
to  focus  TW- level  light  ion  beams  extracted  from  pinch-reflex  diodes  to  high 
current  density  [l-3].  In  this  paper,  we  consider  several-meter  transport  of 
the  focussed  ion  beam  to  inertial-confinement- fusion  targets  through  a  Z-dis- 
charge  transport  channel.  This  technique  allows  ion  beams  to  be  transported 
the  distances  required  for  reaction-chamber  standoff  and  provides  a  means  of 
combining  beams  extracted  from  many  generators  onto  a  single  target.  Referring 
to  Fig.  1,  the  ion  beam  enters  the  Z-discharge  channel  at  the  best  beam  focus 
location.  Inside  the  channel,  the  ions  are  confined  radially  by  the  azimuthal 
magnetic  field  produced  by  the  discharge  of  an  external  capacitor  bank.  The 
25-150  kA  current  in  the  channel  is  adjusted  to  provide  radial  confinement  for 
ions  with  the  maximum  transverse  energy.  The  plasma  density  in  the  channel  must 
be  sufficiently  high  to  resist  expansion  forces  during  beam  transit  and  suffi¬ 
ciently  low  to  prevent  excessive  energy  loss  of  the  beam.  A  happy  combination 
of  desired  transport  length  (2-5  m) ,  proton  or  deuteron  energy  (2-5  MeV) ,  and 
ion  beam  pulse  duration  (50-100  ns)  permits  axial  bunching  of  the  beam  during 
transport  by  ramping  the  accelerator  voltage  in  time.  3eam  power  multiplication 
of  the  beam  can  be  achieved  in  this  fashion. 

The  second  section  of  this  paper  reviews  theoretical  work  on  the  nature  of 
ion  orbits  in  the  transport  channel.  In  Section  III,  recent  transport  experi¬ 
mental  results  are  discussed.  The  MHD  response  of  the  channel  induced  by  beam 
passage  is  then  considered.  In  Section  V,  bunching  phenomenology  of  ion  beams 
in  transport  channels  is  briefly  discussed.  Finally,  the  results  of  the  research 
are  used  to  determine  a  range  of  system  parameters  which  are  appropriate  for 


*JAYC0R,  Alexandria,  VA  22304 


driving  high-gain  pellets  with  proton  or  deuteron  beans . 


II.  ION  ORBITS  IN  Z- DISCHARGE  CHANNELS 


As  shown  in  Fig.  2,  ions  enter  the  discharge  channel  with  a  range  of  in¬ 
jection  angles  up  to  9^  determined  by  the  anode  radius  and  distance  to  the 
focus.  The  externally-applied  current  flowing  through  the  channel  must  be 
sufficient  to  confine  iens  with  maximum  transverse  kinetic  energy,  that  is, 
ions  which  enter  the  channel  with  the  maximum  injection  angle  at  the  maximum 
injection  radius,  a.  The  required  discharge  currant  can  be  determined  from 

conservation  of  ion  energy  and  p  conical  momentum 

z 


V3  +  V2  =  V2 


V  cos9  + 
o 


where  ^mV^2  is  the  energy  of  an  ion  with  charge  q,  9  is  the  injection  angle 
and  rQ  is  the  injection  radius.  In  order  for  the  magnetic  field  to  be  just 
sufficient  to  confine  a  maximum- transverse- energy  ion  to  the  channel  radius, 
V_  =  0  when  r  =  R  with  the  initial  conditions  9  =  9.,, 


'H' 


a.  Substituting 


into  the  above,  results  in  the  expression 
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J  a 


B  dr  »  mV  (1-cos 9..) 
9  o  M 


(1) 


Defining  an  ideal  channel  as  one  carrying  a  uniform  discharge  current  so  that 
Bg  —  r  when  r  £  R,  Eq.  (1)  takas  the  form 
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10  V  (1-cos  8-w) 

o  tl 


1  -  (a/R)s 


(2) 


for  protons  where  I  .  is  in  amoeres  when  V  is  in  cm/s.  This  result  indicates 

cn  o 

that  megampera  discharge  currents  are  required  to  confine  ions  injected  with 
large  angles.  Protons  of  5  MeV  with  3,,  =  .2  require  about  120  kA  for  confine- 
ment  within  the  channel  when  a/R  =  2/3.  Because  of  the  large  electrical  energy 
investment  required  to  establish  larger  currents  in  many  small  diameter  channels 
significantly  greater  injection  angles  may  be  impractical. 

Analytical  and  computational  techniques  have  been  used  to  determine  the 
effects  of  various  forms  of  r.onideal  channel  behavior  on  ion  confinement  and 
beam  bunching  [4],  Axial  electric  fields  associated  with  plasma  return  currents 
disrupt  radial  confinement  and  reduce  beam  power  multiplication  due  to  bunching 
only  if  large  enough  to  strongly  slow  the  beam  during  transport.  Radially  non- 

uniform  net  currents  develop  as  the  beam  passes  through  the  background  because 
of  beam- induced  >2-iD  expansion  of  the  channel.  The  effects  of  the  resulting  3^ 


fields  on  bean  confinement  are  di'  .ussed  in  Section  IV.  Channels  which  taper 
to  scalier  radius  as  they  approach  the  pellet  were  investigated  as  a  ceans  of 
increasing  the  bean  current  density.  A  WKB-like  analysis  for  the  ion  notion 
shows  that  only  a  snail  inorovanent  in  current  density  due  to  radial  bean  con- 
pression  can  be  achieved  before  disruption  of  axial  compression  by  bunching. 

Both  analytic  and  numerical  calculations  were  performed  to  determine  ion  con- 
finenent  in  a  channel  with  a  large  amplitude  n  =  0  sausage  instability.  Fig.  3 
shows  one  result  of  this  work.  The  channel  was  modeled  as  ~  r  inside  the 

channel  radius  R(z),  and  ~  1/r  outside.  With  every  change  in  axial  location 
£z  =  k,  the  value  of  R  changed  abruptly  and  randomly  to  simulate  the  non-linear 
development  of  the  instability.  A  large  number  of  ion  orbits  were  numerically 
determined  for  a  range  of  injection  angles  up  to  and  injection  radii  up  to 
*3'.  The  figure  shows  a  cross-section  of  beam  ion  density  at  various  axial 
locations  along  tha  channel.  The  case  shown  corresponds  to  a  -  .4  cm,  R  =  .6  cm, 
Ei  =  5  MeV,  3^  =  .2  radian,  Ich  =  120  kA,  k  =  3.3  cm,  -  1.  This  high  de¬ 

gree  of  fluctuation  is  required  for  radial  loss  of  half  the  beam  ions  after  trans¬ 
porting  6  m.  When  is  decreased  by  about  a  factor  of  2  ,  only  about  97,  of 

the  beam  is  lost  at  6  tn.  Good  radial  confinement  is  predicted  for  all  cases  in 
which  the  axial  wave  length  of  the  instability  is  much  smaller  than  the  beCatron 
wavelength  of  the  ion  in  the  channel. 


III.  ION  TRANSPORT  EXPERIMENTS 
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Fig.  4  illustrates  the  experimental  configuration  for  transport  experiments 
on  the  Gamble  II  device  [2].  A  planar,  pinch-reflex  diode  configuration  is  used 
to  bring  a  .5  MA,  1.4  MV  proton  bean  to  a  narrow-angle  focus  20-30  cm  downstream 
from  the  diode.  The  transport  section  consists  of  a  copper  pipe  containing  an 
insulating  ceramic  liner  filled  to  tha  .2-2  Torr  air  background  pressure  of  the 
focussing-drift  section.  The  inside  diameter  of  the  ceramic  liner  defines  the 
diameter  of  the  wall-stabilized  discharge.  Discharge  channel  diameters  of  4.5  cm 
and  1.6  cm  were  employed.  The  discharge  current  is  provided  by  a  20  kV ,  10  kJ 
capacitor  bank.  The  current  rises  to  about  50  kA  in  15  p,s  at  which  time  the  ion 
beam  is  injected  into  the  channel.  This  current  satisfies  Eq.  (2)  for  the  injec¬ 
tion  angles  employed  in  the  experiment.  To  date,  most  experiments  have  employed 
the  large-diameter  transport  system  due  to  insufficient  voltage  for  50  kA  with 
the  smaller.  Measurements  of  transport  efficiency  are  provided  by  diagnosis  of 
6  MeV  gamma  rays  produced  by  the  interaction  of  beam  protons  with  fluorine  L5 ] . 
Collimated  scintillator-photodiode  detectors  are  used  to  detect  the  gamma  rays 
produced  in  5031  transparent  Teflon  screens  placed  at  the  entrance  ar.d  exit  aper¬ 
tures  of  the  transport  system. 
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The  initial  temperature  distributer*  is  determined  by  au  equilibrium  pressure 
balance  condition.  Once  the  bean  enters  the  channel,  the  plasma  pressure  and 
j  x  3  forces  acting  on  the  plasma  push  material  out  of  the  channel  intarior 
and  pile  it  up  against  the  steep  density  gradient  at  the  channel  edge.  The 
initial  magnetic  field  profile  corresponds  to  uniform  current  density  arising 
from  the  long  times  and  the  low  conductivities  associated  with  channel  creation..- 
Once  the  bean  heats  the  channel,  the  conductivity  rises  quickly  and  magnetic 
field  lines  become  frozen  in  the  plasma.  The  magnetic  field  is  then  convected 
out  of  the  center  of  the  channel  along  with  the  density. 

A  primary  diagnostic  for  maintenance  of  beam  confinement  is  suggested  by 
Eq.  (1)  and  is  given  by  the  integral  extended  foom  0  to  R.  If  the  value  of  the 
integral  is  reduced,  ions  injected  with  large  rQ  or  9q  can  reach  the  high  density 
edge  of  the  channel  and  be  lost.  Fig.  7  shows  the  development  cf  the  confinement 
integral  with  time  for  low  and  high  beam  currants  and  two  values  of  bean  energy. 

For  the  low  bean  current  cases,  the  plasma  channel  response  to  the  beam  is  suffi¬ 
ciently  gentle  not  to  disrupt  confinement.  However,  in  the  high-current  cases, 
ions  with  larger  transverse  energy  are  lost.  Fig,  7  also  shows  that  the  evolution 
of  the  confinement  integral  with  time  does  not  depend  sensitively  on  the  ion  energy, 
This  behavior  can  be  understood  qualitatively  by  examining  the  plasma  equation  of 
motion. 
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In  Eq.  (3),  dominance  of  the  j  n  3  term  over  the  pressure  term  and  good  beam- 
current  neutralization  result  in  the  right-hand  side.  For  a  maximum  allowed 
acceleration  given  by  2R/t2  ,  where  r  is  the  bean  duration,  Eq.  (3)  yields 


Vch<  300  P  ^/r2  (4) 

for  maintenance  of  beam  confinement.  In  Eq.  (&■)  ,  the  currents  are  in  amperes  and 
the  terms  of  the  right-hand-side  are  in  cgs  units.  This  condition  is  in  quali¬ 
tative  agreement  with  the  results  of  the  MHD  code,  3ecause  of  the  greater  primary 
beam  deposition,  lower-voltage  ion  beams  require  lower  background  density.  Thus, 

the  maximum  allowed  value  of  I,  I  ,  is  reduced  with  ion  voltage.  This  indicates 

D  cn 

that  less  power  can  be  transported  in  channels  carrying  lower-voltage  ions  unless 

the  channel  current  can  be  significantly  reduced.  However,  the  channel  current  is 

determined  primarily  by  the  spread  of  injection  angles  through  Eq.  (2),  and  9,,  is 

unlikely  to  be  reduced  for  less-stiff  lower-energy  ions.  Additionally,  Eq.  (4)  is 

easier  to  satisfy  with  the  beam  in  the  bunched  state  since  I.  r  remains  constant  as 

0 

r  is  reduced. 

A  second  important  diagnostic  for  beam  transport  in  channels  is  the  total 


The  initial  temperature  distribution  is  determined  by  sa  equilibrium  pressure 

balance  condition.  Once  the  bean  enters  the  channel,  the  plasma  pressure  and 
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j  x  B  forces  acting  on  the  plasma  push  material  out  of  the  channel  interior 
and  pile  it  up  against  the  steep  density  gradient  at  the  channel  edge.  The 
initial  magnetic  field  profile  corresponds  to  uniform  current  density  arising 
from  the  long  times  and  the  low  conductivities  associated  with  channel  creation.: 
Once  the  beam  heats  the  channel,  the  conductivity  rises  quickly  and  magnetic 
field  lines  become  frozen  in  the  plasma.  The  magnetic  field  is  then  cor.vected 
out  of  the  center  of  the  channel  along  with  the  density. 

A  primary  diagnostic  for  maintenance  of  beam  confinement  is  suggested  by 
Eq.  (1)  and  is  given  by  the  integral  extended  foom  0  to  R.  If  the  value  of  the 
integral  is  reduced,  ions  injected  with  large  rQ  or  9q  can  reach  the  high  density 
edge  of  the  channel  and  be  lost.  Fig.  7  shows  the  development  of  the  confinement 
integral  with  time  for  low  and  high  beam  currents  and  two  values  of  beam  energy. 

For  the  low  beam  current  cases,  the  plasma  channel  response  to  the  beam  is  suffi¬ 
ciently  gentle  not  to  disrupt  confinement.  However,  in  the  high-current  cases, 
ions  with  larger  transverse  energy  are  lost.  Fig.  7  also  shows  that  the  evolution 
of  the  confinement  integral  with  time  does  not  depend  sensitively  on  the  ion  energy. 
This  behavior  can  be  understood  qualitatively  by  examining  the  plasma  equation  of 
motion. 
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In  Eq.  (3),  dominance  of  the  j  x  b  term  over  the  pressure  term  and  good  beam- 
current  neutralization  result  in  the  right-hand  side.  For  a  maximum  allowed 
acceleration  given  by  2R/r2 ,  where  r  is  the  beam  duration,  Eq.  (3)  yields 
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for  maintenance  of  beam  confinement.  In  Eq.  (4),  the  currents  are  in  amperes  and 
the  terms  of  the  right-hand-side  are  in  cgs  units.  This  condition  is  in  quali¬ 
tative  agreement  with  the  results  of  the  MED  code.  Because  of  the  greater  primary 
beam  deposition,  lower-voltage  ion  beams  require  lower  background  density.  Thus, 

the  maximum  allowed  value  of  I,  I  .  is  reduced  with  ion  voltage.  This  indicates 
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that  less  power  can  be  transported  in  channels  carrying  lower-voltage  ions  unless 
the  channel  current  can  be  significantly  reduced.  However,  the  channel  current  is 
determined  primarily  by  the  spread  of  injection  angles  through  Eq.  (2),  and  0  is 
unlikely  to  be  reduced  for  less-stiff  lower-energy  ions.  Additionally,  Eq,  (4)  is 
easier  to  satisfy  with  the  beam  in  the  bunched  state  since  I.  r  remains  constant  as 
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r  is  reduced. 

A  second  important  diagnostic  for  bean  transport  in  channels  it  the  total 
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considerations  can  be  combined  in  order  to  determine  an  acceptable  set  or  system 
parameters  for  the  ignition  of  a  high-gain  fusion  pellet  [9].  High  voltage  beams 
are  easily  focussed  because  of  their  relative  insensitivity  to  time-varying  mag¬ 
netic  fields  in  the  diode.  However,  their  long  range  in  materials  leads  to  in¬ 
efficient  energy  coupling  to  fusion  targets.  Low  voltage  beans  suffer  from  ex¬ 
cessive  energy  loss  in  the  transport  channel  and  difficulty  in  focussing.  For 
any  voltage,  channel  hydrodynamic  response  calculations  indicate  difficulty  in 
transporting  icr.  beams  in  excess  of  1  MA.  Thus,  for  a  fixed  power  and  energy 
requirement  delivered  to  the  target,  MHD  considerations  establish  a  lower  limit 
on  the  number  of  channels  which  can  be  used  to  transport  ion  beans  to  the  target. 
Table  1  summarizes  an  acceptable  range  of  system  parameters  based  on  the  consid¬ 
erations  discussed  above.  Parameters  based  on  two  pellet  requirements  and  two 
ion  pulse  durations  are  shown.  The  stored  energy  is  an  estimate  of  he  total 
electrical  energy  stored  in  the  Marx  generators  required  to  provide  a  total 
ion  beam  energy.  The  snorter-duration  beams  require  higher  powers  -  the  diode 

but  also  require  less  bunching  in  order  to  achieve  power  on  target  "-a  focussed 
power  represents  the  total  focussed  ion  bean  power  for  all  the  node  into  the 
entrance  of  all  the  channels.  Focussed  currant  represents  the  total  currant 
transported  by  all  channels.  Using  1  MA  as  an  upper  limit  to  the  current  which 
can  be  transported  any  given  channel,  the  focussed  current  numbers  represent  an 
estimate  of  the  minimum  number  of  channels  required  to  transport  the  total  beam. 
The  minimum  channel  length  (i.e.  stand-off  distance)  is  arrived  at  by  determining 
the  smallest  transport  length  which  can  achieve  the  desired  degree  of  power  multi¬ 
plication  using  an  accelerating  voltage  which  varies  by  no  more  than  a  factor  of  2 
Extension  of  these  results  to  ion  species  other  than  Z  =  1  requires  further 
investigation  of  transport  properties.  Higher  voltage  beams  can  transport  at  Iowa' 
beam  current  to  achieve  bean  powers  comparable  to  Z  =  1.  Channel  currents  are  un¬ 
certain.  From.  Eq.  (1),  I  is  proportional  to  the  larger  values  of  a/q.  However, 
it  tends  to  be  reduced  by  the  smaller  values  of  3^  permitted  by  better  focussing 
control  [lO]. 
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Hydrodynamic  response  of  plasma  channels  induced  by  intense  propagating  ion  beams 
is  examined  with  use  of  both  analytical  estimates  and  a  one-dimensional  radial  numeri¬ 
cal  model.  It  is  found  that  mega-ampere,  3— 5-MeV  proton  beams  can  be  propagated  in 
deuterium  background  over  several  meters. 


PACS  numbers:  52.40.MJ,  52.30.  +  r 

Mega -ampere  beams  of  1-2-MeV  protons  and 
deuterons  have  recently  been  extracted  from  100- 
cm!  Pinch  Reflex  diodes  coupled  to  high-power 
transmission-line  generators.  Focusing  to  0.4 
MA/cm2  has  been  reported.1-2  These  light-ion 
beams  are  appropriate  for  inertial-confinement- 
fusion  experiments  when  a  large  number  of  them 
are  individually  transported  several  meters  and 
combined  onto  a  pellet.3- *  To  this  end,  100-kA/ 
cm2  beams  have  been  transported  a  meter  dis¬ 
tance  through  50-kA  discharges  in  1  Torr  air* 
and  5-kA/cm2  beams  a  50  cm  distance  in  a  wire- 
initiated  plasma  channel  in  40-Torr  deuterium 
gas.8  The  azimuthal  magnetic  field  produced  by 
the  discharge  current  confines  the  charge-  and 
current-neutralized  beam  within  the  discharge 
diameter.  In  the  present  theoretical  work,  the 
magnetohydrcdynamic  (MHD)  response  of  trans¬ 
port  channels  to  ignition-system-level  beams  is 
investigated.  Simple  analytic  estimates  for  chan¬ 
nel  response  agree  with  a  one-dimensional  (ID) 
radial,  two-temperature  MHD  code  for  moderate 
density  changes.  Results  indicate  that  for  3-5- 
MeV  protons,  mega-ampere-level  beams  can  be 
transported.  The  problem  of  beam  stability  has 
been  considered  elsewhere.7 

The  discharge  current  required  to  transport 
a  beam  with  given  injection  conditions  is  deter¬ 
mined  from  conservation  of  canonical  momentum 
pt.  For  an  ion  entering  a  discharge  at  radius  r0 
with  3peed  v0  at  an  angle  6  to  the  z  axis  with  no 
angular  momentum, 

v,{r)=  Vq  cos  9  *  (q ,  ,'m  t )  JJ  B(r)dr}  ( l ) 

where  B  is  the  azimuthal  magnetic  field.  For 
proton  beams  and  B[r)~r,  7ch( A)  =0.5*  10'39„J 
x  u0(cm/s),  where  9Jrad)  is  the  maximum  injec¬ 
tion  angle.  For  50-kA  discharge  currents  and 
several- megaelectronvolt  protons,  this  expres¬ 
sion*  requires  10\  A  uniform  current  dis¬ 
tribution  is  appropriate  for  few-electronvolt, 
centimeter-diameter  discharges  established  mi¬ 
croseconds  before  beam  injection.9  Once  the 


beam  is  injected  into  the  discharge,10  kinetic 
pressure  and  magnetic  forces  on  the  plasma  re¬ 
turn  current  induced  by  beam  injection  drive 
channel  expansion  on  the  50-ns  beam-duration 
time  scale.  The  expanding  plasma  convects  mag¬ 
netic  field  outward,  thereby  increasing  the  beam 
radius.  At  the  same  time,  the  beam  experiences 
energy  losses  due  to  collisional  deposition  and 
deceleration  in  induced  electric  fields.  The  plas¬ 
ma  channel  density  must  be  low  enough  to  prevent 
excessive  energy  losses  but  high  enough  to  pre¬ 
vent  excessive  expansion. 

In  order  to  study  the  response  of  the  channel  to 
injected  beams  with  a  ID  radial  code,  azimuthal 
symmetry  and  small  axial  gradients  are  as¬ 
sumed.11  The  equations  solved  in  the  code  in¬ 
clude  the  MHD  equations  with  classical  electron 
transport  coefficients  and  the  appropriate  Max¬ 
well’s  equations  (the  same  notation  is  used  as  in 
Braginskii12): 

3p/3f+r*13(pru)/3r  =  0,  (2) 

9(pv)/3f  +■  r~l3(pr-j2)/3r=  -bp/dr  -jpB/c,  (3) 


J  ,37.  3  l8T,  ,  1  s  1  a  _ 

I  n,k^f^zn,vk^ryt-—rvr-—r^ 


=  (5) 

1  m* 


3B/3t=-cS£/dr,  (6) 

r'l9(rB)/br  =  (4v/c)(jttjp),  (7) 

E  =  T]jp  —  vB/c,  (8) 

with 

«=  ipv2  +\n  ikTi  +  in,kT,,  (9) 

P  =  n,kT,  ~n(kT(,  (10) 

qt  =  -K,bT,/br,  (11) 

Q,  =  vj/ -  pSjb-P,ti-  (12) 
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In  the  above,  jp  and  jt  are  the  plasma  and  beam 
current  density,  rtt  is  the  electron-ion  equiparti- 
tion  time,  and  Prad  is  the  optically  thin  radiation 
loss  rate.  Finite-(wc<7tj )  effects  have  been  in¬ 
cluded  in  the  calculation  of  the  transport  coeffi¬ 
cients. 

The  standard  channel  prior  to  beam  injection  is 
defined  to  be  6x  10*4  g/cm3  deuterium  (n(  =  2 
xl014cm"3),  with  =  50  kA,  T,  =  Tt  = 3  eV  inside 
a  channel  of  radius  r^O.SS  cm.  Deuterium  is 
chosen  for  simplicity  of  atomic  physics — such  as 
ideal-gas  law — and  radiation  processes,  and  for 
collisional  beam  losses  lower  than  a  comparable 
mass  density  of  hydrogen.  The  plasma  channel 
is  surrounded  by  a  cold  gas  blanket.  Radial  pro¬ 
files  for  the  channel  prior  to  beam  injection  (Fig. 
1)  are  derived  from  pressure  balance  for  /<*  uni¬ 
formly  distributed.9  The  transported  beam  is 
modeled  by  ;>  =;>0(f)  for  r^yr^,  and  jt-jb0[ l 
-r/rA)/{  1  -y)  for  yrdi<r  s,rA  with  0.1  *y  *0.35. 
This  distribution  simulates  an  aperture  scrapeoff 
from  a  larger  beam  focal-spot  size.  For  beam 
duration  r,  y*0=;brn  (1  +  t/r)/2.  Ion  energy  €>  in¬ 
creases  in  time  like  jPo,  reaching  ebrn  at  t-  r. 

This  energy  ramp  permits  beam  power  multipli¬ 
cation  by  axial  bunching  during  transport. 

In  Eq.  (3),  the  magnetic  expansion  forces  usu¬ 
ally  dominate  over  kinetic  pressure.  If  we  as¬ 
sume  constant  radial  acceleration  due  to  jpB/c, 


FIG.  1.  initial  deuterium  plasma  channel  conditions 
corresponding  to  uniform  current  distribution  and  to 
pressure  balance  between  the  channel  and  cold  gas 
blanket. 


plasma  expansion  is  approximated  by 
X  =*3  x  iO'2;4(A/cm::);ch(A  'em2) 

x  f*(s)/p(g/cm3),  (13) 

where  a  fluid  element  initially  at  radius  r  is  dis¬ 
placed  to  (1  *  x)r  at  t,  is  the  discharge  cur¬ 
rent  density,  and  ji  --jp  is  assumed  for  ;ch  « _/>. 
Radial  channel  and  beam  expansion  will  be  small 
when  x<<J"  The  standard  channel  parameters 
give  x  -  3  after  50  ns  for  a  1-MA/cm2  beam. 

Ion  compressional  heating  in  Eq.  (4)  is  always 
less  important  than  the  electron-heating  mechan¬ 
isms  on  the  right-hand  side  except  at  the  channel 
boundary.  For  €>  =  5  MeV  andy>  =  l  MA/cm2,  col¬ 
lisional  deposition  dominates  over  return-current 
heating  above  3  eV.  The  proton  stopping  power 
in  deuterium  is  then  S  =  103/e4  MeV/(g/cm2).  The 
associated  temperature  rise  in  the  plasma  is 
8 (T,+  Tj)~ 7x  103./>f/€>  and  is  of  order  100  eV  for 
the  above  beam  after  50  ns.  For  2. 3-m  transport, 
collisional  beam -energy  losses  are  less  than  20% 
of  the  initial  beam  energy  when  p  s  9  x  10  *7  c#2. 
This  criterion  combined  with  that  for  inertial  con¬ 
finement  [Eq.  (13)  with  x  *  yields  7  x  10  '4  s  p 
s9xl0^et2,  i.e.,  e,>2.8  MeV.  Energy  losses 
due  to  deceleration  in  the  axial  electric  field  of 
Eq.  (8)  must  also  be  considered.  Early  in  time, 

E  is  established  by  return-current  flow  in  the 
resistive  plasma.  Later,  high  plasma  conduc¬ 
tivity  and  expansion  velocity  cause  the  hydrody¬ 
namic  term  to  dominate.  Energy  losses  due  to 
late-time  electric  field  are  comparable  to  colli¬ 
sional  losses  for  the  above  density  regime. 

Figure  2  shows  the  channel  at  50  ns  for 
=  0.6  MA/cm2,  and  ebrn  =  5  MeV.  Expansion  has 
reduced  the  initial  density  to  (1.2-1.4)x  10l8cm*\ 
This  agrees  with  the  calculated  value  of  x  *  0. 3 
from  Eq.  (13).  A  figure  of  merit  for  ion  confine¬ 
ment  is  defined  by  the  integral  in  Eq.  (1)  extend¬ 
ed  from  0  to  rc b.  The  code  calculates  a  reduction 
in  its  value  from  an  initial  5  to  3.3  kG  cm  for 
Fig.  2  in  agreement  with  simple  scaling.  At  the 
conditions  shown,  transported  ions  lose  about 
0.14  MeV/m  collisionally  and  about  0.1  MeV/m 
because  of  electric-field  deceleration.  Early  in 
time,  when  €>=2.5  MeV,  corresponding  values 
are  0.28  ar.d  0.03  MeV/m. 

Figure  3  illustrates  the  response  of  the  stan¬ 
dard  channel  to  a  beam  of  comparable  power  den¬ 
sity  as  in  Fig.  2  but  with  jbw  =  2.75  MA/cm2  and 
ebm  =  3  MeV.  This  case  is  very  different  from  the 
preceding  one  since  the  channel  has  had  time  to 
expand  and  to  bounce  from  the  cold  gas  blanket. 
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FIG.  2.  Plasma  channel  characteristics  at  t  =  50  as 
after  injection  of  a  5-MeV,  400-kA  proton  beam. 


The  structure  of  the  various  fluid  quantities  is 
much  more  complicated  and  indicates  that  differ¬ 
ent  physics  applies.  For  example,  instabilities 
might  play  an  important  role  which  would  change 
the  results  quantitatively.  Estimates  from  Eq. 

(131  can  still  be  made,  but  only  within  a  radius  of 
about  2  mm  where  plasma  expansion  still  occurs. 
In  that  region,  the  code  is  in  agreement  with  sim¬ 
ple  estimates.  An  interesting  feature  of  these  re¬ 
sults  is  that  the  vB 1  c  term  gives  an  electric  field 
which  will  accelerate  the  ion  beam  if  it  exceeds 
the  collisional  slowing  down  (Ohmic  electric 
fields  are  small  because  of  high  conductivity). 

In  addition  to  the  case  of  the  unbunched  beam 
which  prevails  at  the  beginning  of  the  channel,  the 
plasma  channel  response  to  a  bunched  beam  near 
the  exit  of  the  channel  has  been  investigated.  It 
is  found  that  a  beam  of  a  given  current  and  volt¬ 
age  is  more  easily  transported  in  its  bunched 
state  due  to  the  reduced  hydrodynamic  expansion. 
This  can  be  seen  from  Eq.  (13)  with  j„t  constant 
so  that  x  depends  only  on  jcht  /p.  For  the  10  ns 
pulse  duration  of  a  bunched  beam,  the  radial  ex¬ 
pansion  is  5  times  smaller.  Alternatively,  the 
density  can  be  chosen  smaller  to  maintain  a  con¬ 
stant  x-  For  constant  collisional  losses  in  tran¬ 
sit  through  the  channel  (i.e.,  !pdz  =  const),  the 
density  at  the  beginning  of  the  channel  can  then  be 
increased  to  reduce  the  channel  expansion  there. 

In  conclusion,  the  hydrodynamic  plasma  re¬ 
sponse  to  light-ion  beams  has  been  studied  with 


FIG.  3.  Plasma  charnel  characteristics  at  f  =  50  ns 
after  injection  of  a  3-MeV,  2-MA  proton  beam.  Note 
that  the  velocity  profile  indicates  reflection  from  the 
cold  gas  blanket. 


use  of  simple  estimates  and  numerical  solutions. 
For  3-5-MeV  proton-beam  propagation,  deute¬ 
rium  z  discharges  were  studied  for  injected, 
mega-ampere-per-squa re-centimeter,  50 -ns 
beams.  Discharge  channel  densities  -10*i  g/cm3 
were  found  to  permit  transport  of  these  beams  in 
both  unbunched  and  bunched  states  over  the  sev¬ 
eral-meter  distances  required  for  inertial-con¬ 
finement-fusion  ignition  experiments. 
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Calculations  are  performed  for  various  beam 
current  intensities,  beam  particle  energy,  and  beam 
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Beam  Requirements  for  Light-ion-driven  Inertial-confinement 

Fusion 


Proof-of-principle  and  scaling  experiments  for  iight-ioa-driven  inertial-con¬ 
finement  fusion  are  in  progress  with  generators  appropriate  for  use  as  ignition- 
system  modules.1"  Megampere  currents  of  2-MeV  protons  and  deuterons  have 
recently  been  extracted  in  100-ns  puises  from  100-cm2  pinch-reflex  diodes 
(PRDs)  operating  at  3-TW  diode  electric  powers.3  Experiments  at  the  1-TW 
level  have  recorded  focused  proton-current  densities  approaching  1  MA/an2 
with  cylindrical  magnetically  insulated  diodes.4  Deuterons  extracted  from  PRDs 
have  been  focused  to  over  3C0  kA/cm2  in  a  geometry  appropriate  for  injection 
inro  transport  channels.3  Proton  beams  extracted  from  pinch-reflex  diodes 
have  been  transported  meter  distances  in  the  focused  state  through  50-kA  wall- 
stabilized  z-discharges  established  in  l-:orr  gas  backgrounds.3  Experiments 
utilizing  laser -initiated  discharges  are  in  progress.6  Several-meter  channel  trans¬ 
port  provides  a  means  of  delivering  beams  extracted  from  a  large  number  of 
generators  to  the  vicinity  of  the  pellet.  These  lengths  are  sufficient  to  achieve 
beam-power  multiplication  by  axial  bunching.7  Computational  MHD  research* 
and  microinstabiiity  calculations9  indicate  that  individual  proton  beams  with 
currents  approaching  1  MA  can  be  transported. 

The  cited  work  indicates  that  the  pulsed-power  and  ion-beam  production 
and  handling  techniques  are  available  to  assemble  a  break -even  ICF  experiment. 

In  this  Comment,  simple  scaling  laws  for  beam  focusing,  transport,  bunching 
and  packaging  are  combined  to  define  an  acceptable  range  of  parameters  for 
ignition-system  modules  delivering  low-atomic-number  (56)  ion  beams  to  a 
pellet.  Techniques  for  increasing  the  deliverable  beam  intensity  are  then  discussed. 

Figure  1  illustrates  schematically  one  module  for  extraction,  focusing  and 
transport  of  an  intense  ion  beam.  Ions  are  accelerated  axially  across  the  diode 
vacuum  gap  by  the  applied  electric  field  and  3re  accelerated  radially  inward  by 
their  azimuthal  self-magnetic  field.  The  transmission  cathode  separates  the  diode 
region  from  a  low-pressure,  g3S-fiiled  drift  section.  Beam-induced  breakdown  of 
the  gas  reduces  the  seif-magnetic  field  by  about  two  orders  of  magnitude,  so  that 
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FIGURE  1.  Conceptual  schematic  of  one  iight-ion  ICF  mociule,  showing  a  pinch-reflex 
diode,  focusiag-drift  region  and  transport  channeL 


ion  orbits  in  the  drift  section  are  nearly  ballistic.3  The  anode  and  cathode  struct¬ 
ures  are  shaped  so  that  ions  leaving  the  diode  converge  to  a  focus  3t  the  entrance 
of  the  transport  section.  Beam  ions  are  magnetically  confined  in  the  centimeter- 
diameter  discharge  channel  and  are  transported  to  within  a  few  centimeters  of 
the  pellet.  The  maximum  injection  angle  of  ions  into  the  channel  must  be  £0.2 
rad  so  that  modest  discharge  currents  (£50  !<A)  suffice  for  beam  confinement2,7 
and  excessive  expansion  between  the  channel  exit  and  pellet  does  not  occur.  For 
such  injection  and  channel-current  conditions,  ions  of  a  few  MeV/nucieon  (which 
couple  efficiently  to  the  pellet10)  can  propagate  in  a  range  of  channel-plasma 
densities  limited  from  below  by  channel  expansion  during  beam  transit  and  from 
above  by  excessive  coilisional  beam-energy  loss.5  Increasing  the  diode  accelera¬ 
ting  voltage  during  the  -50-ns  injecred-ion  puise  permits  power  multiplication 
during  transport  by  axial  bunching  down  to  the  ~  10  ns  required  to  drive  the 
pellet.10  Substantial  power  multiplication  can  be  achieved  oniy  when  the  disper¬ 
sion  in  axial  ion  velocities  during  transport  is  small.7  This  condition  is  also 
satisfied  by  small  ion-injection  angles. 

The  accelerating-voltage  waveform  appropriate  for  beam  bunching  during 
transport  produces  ions  which  leave  the  diode  with  an  axial  velocity2,7 


V, (r)  =  0  <  t  <  r  <  T  (1) 

1  -  t/T 

where  r  is  the  ion-pulse  duration  at  the  diode  and  T  determines  the  voltage- 
ramp  steepness.  .As  the  beam  propagates  in  r,  the  beam  duration  is  reduced 
according  to 


A:  =  r 


(r)(T-r) 


(2) 
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In  order  to  reduce  At  to  r/a,  propagation  through  a  distance 

/  -  1.3  x  109  (1  —  of1  )(T  —  r)  vt^/A)  cm  (3) 

is  required,  where  E  (MeV)  is  the  ion  energy  at  r  =  r\A  is  the  atomic  weight; 
a  is  the  power  multiplication  factor. 

The  accelerating-voltage  ramp  required  for  bunching  produces  a  similarly 
varying  ion  current.  These  time  variations  cause  the  magnetic  pinch  force  in 
the  diode  to  increase  'with  time.  In  order  to  minimize  defocusing  with  time  at 
the  entrance  aperture  of  the  transport  section,  the  diode  vacuum  gap  should 
decrease  with  time.  With  optimal  gap-closure  velocity,11  residual  time  variations 
produce  a  focal-spot  radius 


Q.ISZqI  (1  -r/Dvr 
V(A£)  (R/Fj 


(4) 


In  Eq.  (4),20  is  the  ion  charge  state  in  the  diode;/('MA)  is  the  ion  current  in 
the  diode;  v  (cm/s)  is  the  electrode  -plasma  velocity  for  cathode  or  anode;/?  is 
the  diode  radius;  and  F  is  the  focusing  distance  from  diode  to  transport  entrance 
aperture.  The  quantity  R/F  defines  the  maximum  injection  angle  of  ions  into 
the  focus. 

The  magnetic  field  produced  'oy  the  channel  current  Ln  (MA)  must  confine 
these  ions  'within  the  channel  radius  >  rs.  From  conservation  of  canonical 
momentum1’7 


4*  *  1-3  &&  (R/F)2,  (5) 

Zt 

where  r~  =  r\ h/2  has  been  assumed; Zj  is  the  beam  charge  state  in  the  discharge. 
Collisions  with  discharge -plasma  electrons  can  produce  a  charge  state  different 
from  that  in  diode.12  The  transporting  beam  current  Ij  -  <ZT  Z0  )I  produces 
a  plasma-return  current  of  nearly  equal  magnitude.  The  channel  expands  under 
the  influence  of  the  resulting /ji?*  force.  MHD  calculations  demonstrate  accept¬ 
able  channel  expansion  when2’3 

Veh  *  3  x  i0"°  **  ,  (6) 


where  p  (g/cm3)  is  the  channel-plasma  mass  density. 

Channel-response  calculations’  determine  the  Vr3 $  electric  Held  which 
removes  energy  from  the  beam  as  weil  as  collisional  energy  losses.  Minimum 
beam-energy  loss  occurs  at  the  plasma  density  where  these  two  loss  rates  are 
equal,  since  the  former  is  proportional  to  p,  while  the  latter  is  proportional  to 
p*1 .  For  a  fully  ionized  deuterium  plasma,13  this  optimum  density  is  given 
by 


-  ■  ^A&) 

and  the  corresponding  total  beam-energy  loss  rate  in  the  channel  is 


d£  _  2  x  103  AZfpc 


MeV/cm. 


Substituting  the  optimum  density  into  Eq.  (6)  leads  to 


lrV(i^)  s33xl0‘"  (9) 

An  estimate  of  the  minimum  total  energy  loss  experienced  during  transport  is 


A£  »  /  — . 
d  2 


Requiring  that  IE  be  no  more  than  a  quarter  of  E  leads  to  the  condition 

£J  s _ i*-10::3 _  a,) 

4  V  \z0£l  U  —  a_l  )(77r  -  1)  (R/F)1 
A  larger  energy  loss  at  r  =  r  is  unacceptable,  because  lower-energy  ions  emitted 
earlier  already  experience  greater  losses. 

Equation  (9)  must  be  satisfied  when  {R/F)  5  {R/F) c,  while  Eq.  (1 1)  must 
be  satisfied  otherwise  where 

(R/F)l  =  - — - .  fl  2) 

(1  —  a*1  )(77r  —  1)  • 

For  the  purpose  of  discussion,  the  above  relations  can  be  simplified  by 
assuming  that  Z0  =  ZT  =  Z.  Also,  the  beam  energy  can  be  eliminated  by 
adjusting  £  with  species  to  maintain  3  constant  deposition  length  in  the  target.11 
Since  the  stopping  power  scales  roughly  like  AZZ/E,  constant  range  resuits 
when 

Ez  =  AZZEZ0.  (13) 

In  Eq.  (13), £o  is  the  proton  energy  of  equivalent  range.  With  this  energy  scaling, 
a  particularly  simple  form  results  when  Eqs.  (9)  and  ( 1 1)  are  written  in  terms  of 
beam  power  P(7W)  =  1E/Z: 


p  1.2  x  10-5,£^ch 

p «  - ^ - —  x 


when  {R/F)  <  (R/F)c 
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(R/F)* 

(R/F? 


when  (R/F)  >  (R/F)c. 


It  is  noteworthy  that  Eq.  (14)  is  species-independent.  Note  also  that  P  refers 
to  the  power  extracted  from  the  diode.  As  the  beam  bunches, Pt  remains  con¬ 
stant  so  that  Eq.  (14)  becomes  easier  to  satisfy. 

Applying  the  considerations  of  the  previous  paragraph  to  Eq.  (4),  with 
ri  ^  '’cn/VX  leads  to 

p  s  4 .6£lAsl*  (R/F)r* 

2 1/2  (1  —  t/T)vt  1 

Equations  ( 1 4)  and  ( 1 5)  are  plotted  in  Figure  2  for  £0  =2  Me V,  =  0.5  cm, 

r=  50  ns,  v  =  1  x  107  cm/s,  a  =  5  and  t/T  =  0.2.  The  velocity  is  consistent  with 
observed  electrode-plasma  espansion.ts  The  t/T  value  corresponds  to  a  voltage 
which  rises  50%  during  the  pulse.  These  results  suggest  that  limits  to  focusability 
constrain  deliverable  modular  beam  power  for  protons,  while  lack  of  beam 
confinement  and  energy  loss  during  transport  limit  beam  power  for  heavier  ions. 
In  either  case,  very  long  focal  lengths  ( R/F  $  0.1)  are  required  for  transport 
of  maximum  beam  power.  Since  focusability  may  be  limited  by  a  number  of 
factors  not  considered  here  (electrode-plasma  instabilities,  asymmetric  diode 
fields,  beam-plasma  interaction  in  the  focusing  drift  region  or  effects  peculiar  to 
advanced  focusing  diode  designs  not  yet  discovered),  operation  at  the  largest 
R/F  values  possible  would  be  desirable.  However,  increasing  R/F  increases  beam 
expansion  between  the  channel  exit  and  pellet.  Therefore,  beam  overlap  on 
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FIGURE  2.  Beam-power  constraints  as  a  function  of  ;he  maximum  :on-injection  angle 
into  the  channel  The  solid  ones  re :  resent  the  maximum  focusable  power  for  the  species 
and  energies  shown.  The  dashed  curve  represents  the  maximum  transportable  power  for  all 
species.  The  horizontal  section  of  the  dashed  curve  is  associated  with  channel  expansion; 
the  curved  portion  is  associated  with  energy  loss.  The  entire  curve  scales  like  . 
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target  must  be  considered  to  determine  optimum  power  and  injection-angie 
regimes  of  operation. 

For  channel  exits  located  a  distance  d  from  the  pellet,  each  beam  expands  to 
a  radius  +d(R/F)  before  impacting  on  target.  The  average  power  density  on 
target  can  then  be  approximated  by 
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where  .V  is  the  total  number  of  transported  beams.  Assuming  that  no  more  than 
25%  of  4tr  steradians  is  subtended  by  the  channel-exit  aperture  area,  the  max¬ 
imum  number  of  beams  is  given  by  (d/r^)1 .  The  power  density  on  target  there¬ 
fore  satisfies 
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(17) 


Since  the  pellet  design  specifies  p  and  the  facility  configuration  determines  .V, 

£q.  (17)  represents  an  additional  constraint  which?  must  satisfy.  This  constraint 
is  plotted  in  Figure  3  for.V  *  36  and  72  modules  and  two  values  of  p.  Other 
parameters  are  as  in  Figure  2.  The  lower  p  value  corresponds  to  the  incident 
power  density  required  to  drive  a  1  -cm-diameter  break-even  pellet  of  recent 
design.14  Acceptable  operating  ranges  are  defined  by  the  regions  above  these 
curves  and  below  the  expansion/energy-loss  curve.  Thus,  operation  appears  to 
be  limited  to  the  below  -0.1 -rad  regime  unless  techniques  can  be  employed  to 
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FIGURE  3.  Seam-packing  constraints  for  two  pellet-irradiartce  requirements  and  two  ion- 
module-number  values.  Acceptable  operation  is  associated  with  the  beam  powers  above 
the  curves,  but  subject  to  the  maximum  power  displayed  in  Figure  2. 
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relieve  the  expansion/energy-loss  constraints.  Vahous  options  to  achieve  this  are 
now  being  considered. 

Slight  increases  in  (R/F) c  are  achieved  when  the  voltage-ramp  steepness  is 
increased.  This  may  not  be  beneficial,  since  low-energy  ions  emitted  at  early 
times  surfer  strong  energy  losses  during  transport.5  Low-energy  ions  do  not 
penetrate  deeply  enough  into  the  pellet  to  efficiently  couple  energy  to  the  fuel. 
Thus,  propagation  of  several-TW  beams  at  R/F  values  in  excess  of  0.1  may  re¬ 
quire  substantial  increases  in  E^r^Ja3  .  A  2-TW  beam  could  be  propagated  at 
R/F  =  0.1 5  by  increasing  E0  to  3  MeV,  decreasing  r  to  40  ns  and  increasing  r ^ 
to  0.6  cm.  The  increase  in  £0  requires  pellets  designed  for  longer  deposition 
lengths.  The  Sandia  National  Laboratories  PBFA  facility  is  designed  with 
r  5  40  ns  so  that  the  decrease  in  r  presents  no  difficulty.  The  channel  radius 
can  be  increased  provided  a  final-focusing  stage  can  be  added  at  the  channel 
exit.7’17  Limitations  to  deliverable  beam  power  can  also  be  relaxed  by  employing 
a  discharge  channel  which  is  imploding  rather  than  static  at  the  time  of  beam 
injection.18  The  MHD  expansion  constraint  is  relaxed,  since  an  imploding 
channel  must  experience  stronger  radial  acceleration  for  a  longer  time  before 
reaching  an  expanded  state.  Such  dynamic  channels  have  imbedded  electric 
fields  which  tend  to  accelerate  the  beam,18  thus  reducing  energy  loss  as  well. 

Scale-up  of  Elr^/r2 ,  dynamic  channels  or  a  combination  of  both  tech¬ 
niques  can  be  used  to  extend  allowable  R/F  values  or  increase  beam  power  in 
the  transport  section.  For  low  pellet  irradiance,  these  techniques  may  permit 
delivery  of  few-TW  beams  with  R/F  values  as  large  as  0.15.  Proton-beam  focusa- 
bility  precludes  their  use  in  high-irradiance  configurations.  When  the  same 
focusing  constraint  is  applied  to  higher-atomic-number  beams,  high-inadiance 
operation  with  a  standard,  static  channel  :s  permitted  with  R/F  z  0.05.  For 
reasons  discussed  in  the  paragraph  following  Eq.  (15),  focusing  with  such  small 
R/F  values  is,  at  best,  uncertain.  Thus,  application  of  advanced  techniques 
to  the  transport  of  nonhydrogenic  beams  is  desirable  in  order  to  permit  high 
pellet  irradiance  at  R/F  z  0.1. 
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ICN  3EAM  HANDLING  IN  MAGNETIZED  PLASMAS 
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A3STRACT.  Intense  ion  beans  are  shown  to  behave  like  weak  beans  when 
transported  through  hot  and  dense  magnetized  plasmas.  Magnetic  diffu¬ 
sion  and  hydrodynamic  notion  are  shown  to  be  minimized  by  high  plasma 
conductivity  and  inertia.  Transport  and  focusing  elements  are  examined 
for  beam  brightness  effects  and  attainment  of  high  current  density.  Seam 
acceleration  and  brightness  enhancement  are  shown  to  occur  in  imploding 
channels.  Self  propagation  of  ion  beams  is  predicted  to  happen  at  beam 
brightnesses  comparable  to  those  needed  for  fusion. 

INTRODUCTION 

The  physics  and  technology  of  intense  ion  beams  at  the  MA  currents  and  MaV 
energies  is  presently  undergoing  rapid  development.  The  question  of 
handling  such  very  intense  beams  was  raised  primarily  in  connection  with 
reactor  scenarios  based  on  Inertial  Confinement  Fusion  (ICF)  systems. 

During  the  last  few  years,  theoretical  and  experimental  studies  have 
revealed  some  interesting  aspects  of  the  interaction  physics  of  these  beams 
with  magnetized  plasmas.  For  clarity,  we  categorize  the  systems  into  two 
classes  involving  static  and  dynamic  plasmas.  In  static  plasmas,  magnetic 
field  variations  are  assumed  to  be  small.  We  show  the  existence  of  beam 
and  plasma  parameters  in  which  the  very  intense  ion  beams  behave  like  weak 
beams  in  prescribed  electromagnetic  fields.  As  a  result,  concepts  of  beam 
transport,  stacking  and  focusing  can  be  borrowed  frem  weak  beam  physics. 
Dynamic  plasmas  provide  a  new  medium  where  beam  particles  can  experience 
time  varying  forces,  A.n  exchange  cf  energy  can  occur  between  the  plasma 
and  beam  systems  on  a  time  scale  of  nanoseconds.  The  moving  plasma  can  be 
slowed  down,  imparting  its  energy  to  the  beam,  or  it  can  be  accelerated, 
slowing  down  the  beam.  Similar  effects  happen  to  the  beam  brightness;  it 
can  be  increased  or  decreased  during  propagation  in  the  plasma.  Finally, 
the  requirements  for  self  propagating  ion  beams  are  shown  to  be  close  to 
those  for  ICF. 

NET  CURRENT 


The  interaction  of  Intense  beams  with  plasmas  was  firs: 
tivistic  electron  beams  (ERE)  where  it  was  shown 


studied  for  reia- 


tliat  the  plasma 


responds  in  such  a  way  as  to  neutralize  both  the  space  charge  and  the 
current  of  the  intruding  bean.  When  ion  beans  are  injected  into  an  initially 
neutral  gas,  the  ionization  generates  a  plasma  which  responds  in  a  similar 
fashion.  The  much  slower  ion  bean,  3  =  v/c  <<  1,  allows  for  a  longer  inter- 
action  tine  between  any  bean  ion  and  plasma  electrons.  Plasna  heating  is  3 
faster  for  these  ions  as  ccnpared  to  REB.  In  addition,  inertia  of  plasna 
electrons  at  the  head  of  the  bean  is  not  as  important  for  an  ion  bean  as  for 
the  REB  since  the  slower  ion  beam  allows  ample  time  for  the  plasna  elec¬ 
trons  to  respond.  As  a  result  of  these  -effects,  electron  beans  generate 
net  currents  which  are  a  few  tens  of  percent  of  the  beam  current  while  ion 
beams  generate  about  one  percent  net  current  when  injected  into  a  neutral 
gas.  As  a  result  of  the  high  net  current  for  REB's,  they  have  been  shown  to 

(■ 7) 

self  propagate  over  long  distances  (up  to  7m)  while  no  comparable  experi¬ 
ments  exist  with  ion  beams.  This  does  not  imply  that  self  propagation  of 
ion  beams  cannot  be  obtained  but  rather  that  special  bean  parameters  dis¬ 
cussed  later  are  needed. 

The  low  net  current  induced  by  ion  beans  is  further  reduced  if  the  plasma 
is  preionized  and  heated  to  a  few  eV  prior  to  bean  injection.  Additional 

/  *3  \ 

beam  heating  of  a  deuterium  plasma  was  shown ^  to  be  5T  —  3 -  1 0 3  J,  t/E 

6  D 

where  is  the  beam  currant  density  (A/cm2),  t  is  the  pulse  tine  (.sec) 

and  E  is  the  proton  beam  energy  (MeV) .  This  yields  a  temperature  of  5  eV 

for  3  MeV  protons  at  10°A/cm2  during  5  ns.  The  magnetic  field  diffusion 
(3) 

equations  when  solved  assuming  no  hydrodynamic  erfects  give  a  diffusion 
time  T  ~  ~^a  -  where  C  is  the  conductivity  and  a  (cm)  is  the  shortest  beam 

length  scale  (the  radius,  for  a  long  beam).  The  ratio  of  the  net  current 

-3  -2 

to  the  beam  current  I  /I.  ~  t/x  is  about  10  a  .  For  longer  time 

net  oeam 

scales  the  magnetic  field  is  frozen  in  the  plasma.  For  typical  megampere 
beams  with  a  ~  1  cm  net  currents  of  10 3A  are  expected  resulting  in  magnetic 
fields  of  ~20QG.  The  magnitude  of  this  time  varying  magnetic  field,  if 
made  much  smaller  than  the  magnetic  field  in  the  plasma  prior  to  bean  in¬ 
jection,  will  thus  have  a  negligible  effect  on  the  ion  orbits. 

PLASMA  MOTION 


The  second  effect  to  consider  in  addition  to  diffusion  is  the  motion  of  the 
magnetic  field  with  the  plasma.  Due  to  the  high  plasma  conductivity  any 
hydrodynamic  motion  will  carry  the  magnetic  flux  with  it.  We  now  formalize 
the  necessary  conditions  for  small  displacements  of  the  plasma.  Two  major 
mechanisms  accelerate  the  plasma,  pressure  gradient  and  magnetic  forces: 


=  -  Vp  + 


where  p  is  the  plasna  density,  the  plasna  current  and  V  the  plasna 

velocity.  The  thermal  pressure  results  from  beam  heating  and  causes 

plasaa  expansion  from  regions  of  high  current  density.  The  J^x3  term  is 

due  to  the  plasna  current.  The  total  current  density  flowing  includes  also 

and  it  is:  +  J  =  J^,  where  J£  is  the  current  density  in  the  plasna 

prior  to  bean  injection.  Consider  first  a  weak  ion  bean  J^<<Jc*  The 

plasna  will  then  continue  to  undergo  pinching  by  its  self-nagnetic  field 

with  a  snail  reduction  in  the  pinching  force  since  J  =J  -J.  .  If  the  bean 

p  c  D 

current  is  increased  to  J,  =J  ,  then  J  =0  and  no  magnetic  forces  act  on  the 

DC  P 

plasna  but  BrO.  The  pinching  force  on  the  plasna  is  in  that  case  negated 
by  the  beam  pressure  effect  which  comes  about  in  the  following  way.  The 
ion  bean  would  have  expanded  in  free  flight  were  it  not  for  the  magnetic 
field  bending  ion  orbits  and  generating  beam  pressure.  If  the  magnetic 
field  is  focusing  the  bean,  then  the  beam  pushes  the  magnetic  field  out¬ 
ward  and  since  the  plasma  has  good  conductivity,  the  plasma  electrons  are 
coupled  to  the  magnetic  field  flux.  As  the  plasma  electrons  move  out, 
charge  separation  between  then  and  the  plasma  ions  generates  a  large 

dial  electric  field  that  holds  back  the  electrons  and  pulls  out  the  ions 
coupling  the  two  fluids  to  move  like  one.  New  consider  very  high  current 

density  beans  |J,  !>>!J  I.  In  this  case  !j  !  ~ ! J.  I  and  the  beam  will  induce 
j  1  b  1  c 1  ■  p 1  — 1  b  ‘ 

plasna  expansion  if  the  magnetic  field  is  focusing  or  plasma  compression 

(3) 

if  it  is  defocusing.  The  plasma  velocity  is  simply  V  ~  Bt/pc  and  the 
displacement  divided  by  the  plasma  radius-a  is: 

6a/a~0.03  Jfa  Jct2/P  .  f2) 


The  relative  change  induced  in  the  magnetic  field  will  be  negligible  if 

the  plasma  density  is  large  enough  to  provide  inertia  against  the  beam 

pressure.  For  example,  if  one  transports  a  3  MA,  3  MeV  beam  in  a  large, 

2  cm  radius  channel  with  J  ~4*103A/cn2  then  for  a  50  ns  pulse,  a  density 
—6  ^ 

of  2*10  g/cm3  will  result  in  less  than  5%  change  in  the  magnetic  field 
structure.  Also,  the  energy  loss  due  to  the  stopping  power  of  100  MeV/g/cm^ 
in  such  a  channel  over  a  10m  distance  is  about  200  keV  which  is  small 
compared  to  the  3-MeV  proton  energy. 

The  two  conditions  for  static  plasmas  are  thus  high  conductivity  and  iner¬ 
tia.  When  these  two  are  satisfied  the  initial  magnetic  field  is  frozen 


and  bean  ion  orbits  can  be  analyzed  in  great  detail.  One  should  notice, 

however,  that  an  electric  field  exists  in  the1  plasma  and  it  is  important 

(3) 

for  long  distance  transport.  The  electric  field  is  derived  from  the 
generalized  Ohm's  law 

J  -  a(E  +  V  x  B/c)  (3) 

p  p 

and  since  J  ts  -  J.  ,  E~-  J,  /O  -  <V  xB/c>.  The  expanding  plasma  channel 
p  b  b  p 

thus  increases  the  electric  field  that  slews  down  the  ions.  This  is  a 
coupling  mechanism  for  energy  transfer  from  the  icn  beam  to  plasma  expan¬ 
sion.  For  the  above  plasma  transport  example  <V^>  =  2.10scm/s  and  o~3.10is 
s'1  so  that  E  =  -  200  V/cm  which  results  in  energy  loss  of  200  keV  over  10m 
in  addition  to  the  200  keV  collisional  loss.  These  losses  were  computed 
after  50  ns  of  beam  transit  when  the  plasma  temperature  was  20  eV.  At  the 
head  of  the  beam  much  smaller  temperatures,  (~5  eV)  result  in  lower  plasma 
conductivity  by  a  factor  of  3  so  that  the  total  energy  loss  will  be  1100 
keV.  Even  if  all  the  ions  started  at  the  same  diode  voltage  they  will 
hunch  from  50  ns  to  a  pulse  of  about  10  ns  because  of  the  larger  energy 
oss  at  the  head  of  the  beam  than  at  the  tail. 

Having  established  the  necessary  conditions  for  creating  intense  beams  much 
like  very  weak  beams,  we  now  review  briefly  two  systems:  straight 
z-discharges  and  magnetic  lenses. 

TRANSPORT  IN  Z-DISCHARGES 

If  the  beam  is  not  matched  to  the  magnetic  structure  at  injection,  the  beam 

distribution  fun."' “icn  will  move  in  phase  space  and  phase  mix  during  the 

process,  generating  filaments  that  increase  the  effective  phase  space  volume 

and  decrease  brightness.  The  other  effects  that  will  lead  to  a  loss  of 

beam  brightness  include  injection  off  axis  and  the  hose  instability.  The 

worst  unmatched  magnetic  field  structure  is  that  of  a  pinched  channel  where 

the  high  magnetic  fields  near  the  transport  axis  increase  sharply  the 

spread  in  ion  divergence  angles  accompanied  with  some  increase  in  beam 

radius.  Since  the  brightness  scales  as  Cr9)  “,  the  resulting  beam  bright- 

(3  A) 

ness  is  rather  poor.  Transport  in  a  uniform-current  z-disc'narge  ’  with 

B~kr  results  in  a  smaller  loss  in  beam  brightness.  The  channel  current 

has  to  be  optimized  for  minimal  loss  of  brightness.  If  it  is  too  large, 

ion  angles  are  increased  while  too  small  a  current  allows  excessive  radial 

expansion.  Using  the  phase-mixed  volume  in  phase  space,  one  can  define 

-3  -  ' 

the  optimum  current  to  minimize  that  volume.  It  turns  out  to  be  1=10 


with  a  channel  radius,  r  , 

c  ’ 

V2. 


larger  than  the  bears  radius  at  injection  by 


A  completely  hollow  magnetic  field  distribution  is  closer  to  the  optimum 
for  transport.  The  reason  for  that  is  that  ion  injection  angles  are 
conserved  and  the  radius  of  the  beam  increases  by  a  small  quantity  for  a 
large  current  flowing  in  a  sheath  outside  the  injected  beam  radius.  This 
type  of  structure  can  be  obtained  experimentally  in  long  wall  confined 
z-pinch  channels.  The  plasma  shape  is  stabilized  by  the  conducting  wall 
symmetry  at  radii  close  to  the  piasn3  radius.  Up  to  400  kA  proton  beams 
have  been  successfully  transported*"^  in  such  channels  with  current  effi¬ 
ciencies  close  to  100%.  The  beam  brightness  issue  was  also  addressed  and 
more  details  can  be  found  in  these  proceedings. 

The  beam  may  be  injected  either  off  axis  or  its  current  density  vector  can 
point  off  axis.  In  either  case  and  independent  of  the  magnetic  field  dis¬ 
tribution,  the  beam  will  ripple  and  phase  mix  resulting  in  brightness  loss. 
Again,  however,  the  hollow  channel  distribution  has  minimum  loss.  Such 
off-axis  injection  is  an  initial  large  perturbation  for  a  hose  instability. 
The  types  of  instabilities  studied  include  MHD  of  the  channel,  self  hose 
and  resistive  hose.  The  MHD  of  the  channel  is  asymmetric  and  has  a  purely 
rowing  mode  localized  in  space.  Its  spatial  growth  physics  is  similar  to 

the  channel  expansion  physics  described  earlier.  The  whole  plasma  channel 
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takes  the  shape  of  an  unstable  hose.  The  radial  shift  scales  like  r  so 
large  channels  (r^lcm)  are  barely  susceptible  to  the  hose  when  carrying  a 
few  megamperes.  Smaller  Cr^0.5  cm)  channels  can  carry  only  currents  of  a 
few  hundred  kA  for  50  ns.  Besides  the  possibility  of  shifting  the  whole 
channel,  the  magnetic  field  distribution  may  also  shift.  Such  an  insta¬ 
bility  can  be  driven  by  either  the  self-hose  or  the  resistive  hose  mechanisms, 
Mutual  repulsion  of  beam-plasma  currents  is  responsible  for  the  .former  and 
resistive  lag  between  the  phases  of  the  beam  axis  and  magnetic  axis  cause 
the  latter.  Assuming  real  wavenumber,  the  number  of  e— foldings  is 
3.1020"  1^/(1^  r2c)  which  again  favors  larger  channels. 

MAGNETIC  LENSES 

The  magnetic  lens  concept^  is  used  as  an  element  for  trading  radial  dis- 
.'ibution  for  velocity  distribution  in  phase  space.  Thus,  reduction  in  beam 
divergence  can  be  achieved  by  radial  beam  expansion  and  increase  in  current 


density  can  be  obtained  at  the  expense  of  larger 


;ular  divergence. 


order  to  avoid  problems  of  matching  the  beam  to  the  lens,  only  short 


distance  (typically  one  quarter  of  an  orbit  in  phase  space)  lenses  are 
allowed.  The  distribution  function  does  not  phase  mix  and  no  brightness 
loss  occurs,  hence  rS=ccnstant.  The  simplest  lens  to  achieve  beam  cooling 
is  a  z-discharge  where  the  current  is  distributed  uniformly  up  to  a  desired 

radius  r  .  The  total  current  for  a  beam  having  maximum  angle  0,  at  injec- 

C  -4  2  * 

tion  is:  I  =5*10  v.8,  Amoeres.  The  ion  beam  will  expand  from  its  initial 

radius  r^  to  the  channel  radius  rc  forming  a  paraxial  beam  after  one  quarter 
betatron  distance.  The  angular  divergence  there  will  be  8  =  S^T^/r^.  This 
technique  is  of  importance  for  achieving  cool  beam  conditions  for  propagat¬ 
ing  'beams.  The  same  concept  works  also  for  focusing.  Starting  with  6^,  the 

goal  is  now  to  increase  3  with  a  reduction  in  r.  The  larger  current  needed 
2  -2 

I  ~  6  ~r  is  proportional  to  the  current  density  enhancement.  For 
example,  a  current  of  200  kA  will  increase  the  current  density  of  a  3  MeV 
proton  beam  with  8^  =  0.1  radians,  by  an  order  of  magnitude.  The  increased 
current  in  the  plasma  increases  beam  pressure  significantly  and  using  the 
logic  of  Eq.  (2),  we  find  that  the  plasma  density  should  be  increased  like 
J,  «Jc.  A  special  foil  is  thus  needed  to  separate  focusing  elements  from 
the  lower-density  long  transport  systems.  The  use  of  a  tapered  focusing 
element  results  in  another  gain  of  a  factor  of  3  in  current  density  using 
;.ie  same  plasma  current  for  the  simple  reason  that  the  magnetic  field  in¬ 
creases  along  the  ion  orbits. 

DYNAMIC  PLASMAS 


Fast  moving  plasmas  constitute  a  special  domain  for  beam  handling.  The 
electric  field  derived  from  the  moving  plasma^  as  shown  by  Eq.  (.3)  can  be 
substantial.  Consider  first  the  case  of  low  plasma  density.  The  beam 
pressure  can  now  induce  motion  with  v  ~103cm/s  and  since  magnetic  fields 
of  10°G  are  technically  realizable  the  ions  will  be  slewed  down  by  E a  10 
V/cm  in  a  low  density  plasma.  This  constitutes  a  special  way  of  heating 
plasmas  to  very  high  temperatures.  In  the  above  example  for  p  =10  ^g/cm3 
J^=107A/cm2  can  heat  the  plasma  to  10  keV  temperatures.  In  general,  the 
special  effect  of  enhanced  stopping  presented  here  acts  in  a  pronounced  way 
in  low  density  plasmas. 

When  the  plasma  has  an  initial  inward  velocity  the  electric  field  becomes 
positive  and  the  beam  may  be  accelerated.  The  plasma  is  slowed  down  by 
the  beam  pressure.  A  transfer  of  energy  occurs  from  the  slow-moving  plasma 
into  a  fast  novir.g  beam.  Also,  this  transfer  is  very  efficient  since  slow¬ 
ing  down  the  plasma  by  a  factor  of  2  already  transfers  757£  of  the  plasma 


energy.  A  very  simple  way  of  understanding  the  complicated  acceleration 
physics  is  to  note  that  an  imploding  z-pinch  behaves  to  first  order  like 
moving  rigid  walls  against  the  confined  beam.  The  beam  particles  are  de¬ 
flected  back  into  the  channel  by  these  walls  and  thus  gain  energy.  This 
energy  would  all  be  in  the  perpendicular  direction  save  for  the  fact  that 
the  channel  can  be  tapered.  The  plasma  thus  is  a  long  sequence  of  z-pinches 
starting  sequentially  and  imploding  with  a  phase  velocity  equal  to  the  ion 
axial  velocity.  The  head  of  the  beam  is  accelerated  less  than  the  tail. 

We  solve  for  the  ion  orbits  using  the  equation  of  motion  of  a  single  ion: 


r  =  - 


ev  x  3 
z 


where  the  axial  velocity  v  =  v  +  bt  is  in  phase  with  the  imploding  plasma 

z  z 

so  that  in  the  ion  beam  frame  of  reference  the  same  magnetic  field  profile 

is  observed.  We  further  assume  B=3  r/R  and  also  neglect  anv  relativistic 

o  o 

effects.  Multiple  time  scale  analysis  is  now  applied  to  Eq.  (4)  giving  the 
amplitude  and  frequency  of  the  accelerated  ion:  .  _  -at/4 v  ; 

A  ~  A  £  Z 

cq=oj  (1  +  - ).  The  radial  velocity  v“  *  =  (jjA—u  A  is  nearly  fixed  while 

o  4  o  oo 

v 

z 

the  axial  velocity  is  increased  by  the  acceleration  and  the  angular  diver- 


0  =  <  —  >' 
v 

z 


and  is  thus  enhanced  by  a  factor  of  e 


,_nce  is.  q  -  <  —  - —  3  .  The  beam  brightness  scales  as  (A*9)  ^ 

v  .  be  o  ° 

z  1  H - 

....  .  .  ,  7Z .  -  bt/2v°  fl  +  — Y .  This  is  about  6  for 

and  is  thus  ennanced  by  a  factor  or  e  z*l  o  I 

v°  =  bt.  As  for  typical  accelerations:  v  4.107cm/s  I  ~10SA  and  r~0.5  cm 
z  pc 

yield  about  3  kV/cm  and  more  than  10m  is  required  for  a  3  MeV  addition 
to  a  1  MeV  beam.  The  total  beam-power  brightness  is  J*V/92.  The  combination 
of  (1)  beam  brightness  enhancement  by  6 ,  (2)  bunching  by  5  and  (3)  increas¬ 
ing  V  by  4  results  in  two  orders  of  magnitude  increase  over  the  ion  power 
brightness  from  a  diode.  Presently  ion  diodes  generate  5  TW /cm2  at  1  MeV. 
Scaling  up  to  4  MeV  and  bunching  the  beam  will  result  in  100  TW/cm2.  The 
use  of  imploding  channels  can  further  increase  the  power  brightness  to 
500  TW/cgT  which  exceeds  present  requirements  for  ICF. 

SELF  PROPAGATION 

The  plasma  generated  at  the  head  of  the  beam  by  beam  ionization  and  avalanche 
is  nearly  fixed  in  temperature  and  only  the  fractional  ionization  increases 
with  time.  Tie  conductivity  increases  to  a  point  where  the  fractional 


ionization  approaches  about  10  “  at  which  point  Spitzar  conductivity 


dominates  and  is  independent  of  plasma  density.  This  happens  for  ion 
beams  on  a  few  ns  time  scale  for  J,>105  A/cm2.  For  air,  for  example,  the  ion 

D 

beam  spends  about  33  eV/ion  pair  and  about  7.5  eV  are  left  for  electron 
kinetic  energy,  hence  T  a  5  eV.  The  magnetic  diffusion  during  these  early 


8 


times  generates  I  10st/a2, 

(3)neC  b 


The  needed  net  current  to  confine  the 


beam  was  shown ^  *  to  be  Ic«-»  5- 10S32V “  where  V  is  in  megavclts.  The  neces¬ 
sary  condition  for  self  propagation,  Ine ^>1^ ,  will  be  satisfied  if 
I^t/a2>02V 2/3 .  This  translates  into  a  bean  brightness  requirement  of 


Jb/92  >  (lOt)  Vs. 


(5) 


This  is  about  3*107A/cn2  which  coupled  with  the  fact  that  3-MeV  protons  are 
envisioned  for  pellet  designs  results  in  1014W/cm2.  It  is  mere  coincidence 
that  the  same  power  brightness  is  needed  for  high  gain  pellets  and  for  self 
propagating  beams!  Any  reactor  scenario  that  is  based  on  1014W/cm2  power 
brightness  can  presently  use  the  notion  that  high  gain  pellets  go  hand  in 
hand  with  self  propagation.  The  physics  of  these  two  notions  is  presently 
theoretical,  of  course,  since  neither  pellet  ingition  nor  self-propagation 
has  been  demonstrated.  When  the  high  power  brightness  will  be  obtained  in 
a  few  years  both  concepts  should  be  checked  and  if  the  theory  will  be  vali¬ 
dated  then  typical  reactor  scenarios  could  include  self  bean  propagation 
inside  the  explosion  cavity. 
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ABSTRACT 

Analyses  of  the  diode-focusing,  channel-transport,  beam-bunching  and 
pellet-overlap  constraints  for  a  modular  light-ion  ICF  system  have  been 
performed.  Results  for  the  overall  system  favor  a  few  super-power  modules 
utilizing  z-discharge  transport  channels  with  diameters  several -times  that 
of  the  pellet.  Each  channel  is  terminated  in  a  magnetic- focusing  element 
which  brings  the  beam  to  pellet  dimensions.  Configurations  such  as  these 
relax  limitations  associated  with  diode  focusability  and  channel  MHO. 

I.  INTRODUCTION 

A  modular  approach  to  light-ion  ICF  involves  a  number  of  high-power 
generators  driving  individual  ion  diodes  [1,  2].  Each  diode  focuses  the 
ion  beam  through  a  neutralizing-plasma  background  into  a  z-discharge 
channel  which  transports  the  beam  a  few  meters  to  the  vicinity  of  the 
pellet.  The  separation  provided  by  transport  protects  the  accelerator 
from  the  thermonuclear  blast  and  allows  time-of-fl ight  bunching  of  the 
beam  from  the  =  40  ns  pulsed-power  times  to  -  10  ns  pellet-driver  times. 
Basic  phenomena  associated  with  beam- focusing,  transport,  pellet-overlap 
and  beam-plasma  interactions  have  been  characterized  and  used  to  determine 
system-module  parameters  which  best  satisfy  constraints. 

One  class  of  systems  utilizes  transport  channels  which  are  comparable 
in  diameter  to  the  pellet  (=  1  cm).  The  MHD  response  of  this  channel 
plasma  to  beam  passage  limits  unbundled  beam  power  to  a  few  TV// module  and 
sets  a  diode-brightness  requirement  which  has  not  been  achieved  in 
experiments  [3].  A  second  class  of  systems  utilizes  larger-diameter 
channels  terminated  in  magnetic-focusing  elements  which  bring  each  beam  to 
convergence  on  the  pellet  (Fig.  1).  The  larger-diameter  channels  can 
transport  >  10  TW  beams  which  are  focused  by  diodes  with  beam-divergence 
requirements  a  factor-of-three  less  severe  than  for  pellet-diameter 
channels.  This  paper  describes  the  phenomena  which  enter  the  analysis  and 
determines  acceptable  parameter  sets  for  both  types  of  systems. 


diod?  focusing  transport  final  pellet 

drift  focus  drift 

Figure  1 


II.  DIODE  FOCUSING 

In  a  Pinch-Reflex  diode,  ions  extracted  from  an  anode-foil  plasma  are 
accelerated  axially  across  the  diode  vacuum  gap  by  the  applied  electric 
field  while  being  accelerated  radially  inward  by  the  azimuthal  self- 
magnetic  field.  Once  they  pass  through  the  cathoda-transmi ssion  foil  into 
a  field-free  neutralizing  plasma,  ions  execute  straight-line  orbits  to  a 
focus  at  the  entrance  of  the  transport  section.  The  electrode- foil 
structures  must  be  shaped  so  that  the  sum  of  the  anode-emission  and 
magnetic-bending  angles  results  in  ions  which  exit  the  diode  pointing 


toward  the  focus.  At  high  power  densities,  the  emission  angle  will  change 


with  both  radius  and  time  as  the  anode-plasma 


due  to  non-uniform 


heating.  The  magnetic-bending  experienced  in  the  vacuum  gap  also  changes 
with  time  due  to  electrode-plasma  motion.  Additional  time-dependence  is 


introduced  by  applying  an  accelerating-voltage  pulse  which  is  ramped  for 
beam  bunching.  Diodes  can  be  designed  which  minimize  the  time-variation 


in  diode  exit  angle  associated  with  these  effects.  This  minimum  variation 
[1]  is  given  in  radians  by 


/AT  R 


(1) 


where  Zg  is  the  beam-ionization  level  in  the  diode,  I ( M A )  is  the  ion 
current,  A  is  the  atomic  weight,  E(MeV)  is  the  ion  energy  at  the  end  of  a 
pulse  cf  duration  x (ns )  ,  v^ (cm/ns)  is  the  relative  closure  velocity 
between  electrode  plasmas  and  R(cm)  is  the  diode  radius.  When  E  is  scaled 
with  species  to  provide  the  stopping-power  of  2  MeV  protons  (E=2  /n  Z)  and 
scattering  in  the  cathode-plasma  (66-  =  .03  A/E)  is  added  to  Eq.  (1), 
59^  +  59^  <  .03  rad  for  several -TV/  beams  of  deuterons  or  heavier  ions. 


If  rs  is  the  focal -spot  radius  and  F  is  the  distance  from  diode  to 
focus,  then  53,  the  acceptable  total  beam-divergence  at  the  diode 
exit  must  satisfy  2 r$  >  F59  ,  or 

50<  ( 2 r  /R)  (R/F)  .  (2) 

s 

Centimeter-di ameter  channels  require  a  spot  radius  r$  =  .35  cm  and,  as 
shown  below,  cannot  transport  multi-TV/  beams  with  maximum  injection  angles 
into  the  channel  exceeding  R/F  =  .1  .  For  R  =  2.5  cm,  Eq.  (2) 
requires  53  <  .03,  compatible  with  56^  +  56s  values. 

Recent  P.i-level  experiments  on  the  MRL  Gamble  II  device  [3]  have 
measured  divergence  angles  about  3-times  higher  than  calculated  above. 
Electrode  damage,  anode  bremsstrahlung  and  electromagnetic-code  simulation 
[4]  point  to  the  existance  of  electron-filamentation  instabilities  as  the 
source  of  small-scale  electric-  and  magnetic-field  structures  responsible 
for  enhanced  divergence.  Mo  power  scaling  for  th i r  process  yet  exists 
although  it  is  known  to  be  unimportant  at  the  ,1-TW  level  [5].  It  is 
therefore  useful  to  consider  modular  systems  which  are  not  so  strongly 
constrained  by  focusability  as  those  with  small -diameter 'channels. 

III.  BEAM  TRANSPORT  AMD  CHANNEL  RESPONSE 

Once  the  beam  enters  the  transport  channel,  the  previously- 
established  discharge  B.  field  confines  ions  to  betatron-like  orbits.  The 
channel  current  IC|,(MA)  required  to  confine  ions  with  maximum  transverse 
energy  within  the  discharge  wall  radius  rw  depends  on  the  radial 
distribution  of  Ic^.  For  a  uniform  current  density  filling  the  region 

0  <  r  <  r  (a  "full"  channel)  and  r.  =  /Zr 
w  w  s 

I  ,  -  ✓ AT  (R/F)2  (3) 

Ch  Zy 

where  Zy  is  the  beam  charge  state  during  transport.  Gamble  II  experiments 
guided  by  Eq.  (3)  demonstrated  transport  [6]  of  up  to  400  kA  proton  beams 
over  distances  up  to  2.5  m. 

For  neutralized  transport  of  multi-TW  ion  beams,  the  pi asma-electron 

return  current  In  satisfies  -I  =  I  >>  I  ,  =  50  kA.  The  j  *BQ  force 
P  p  ch  *-p  ~9 

accelerates  the  plasma  radially  outward.  The  V  x3n  electric  field  induced 
by  this  motion  decelerates  the  passing  ion  beam  (the  energy  source  for 
channel  expansion).  Since  Vr  scales  inversely  with  the  channel  density 
wnile  col  1 i sional  losses  are  proportional  to  it,  the  minimum  total  energy- 
loss  rate  for  the  beam  occurs  when  the  field  deceleration  is  equal  to  the 


colli sional  stepping  power  [1].  The  total  beam  energy  loss  during 
transport  is  this  loss  rate  multiplied  by  t(cm)  ,  the  minimum  distance 
required  to  bunch  the  beam  from  x  to  the  pellet-driver  time  tp.  For  a 
beam  energy  which  scales  with  species  as  in  Sec.  II 

6Z1/4(x-tp)  .  (4) 

This  is  about  200  cm  for  cases  of  interest.  The  unbunched  beam  power 

transportable  with  energy  loss  limited  to  E/4  is  then 

200  r  4 

P(TW)--, - V  •  (5) 

xd(R/F)4 

Since  Px  remains  constant  as  the  beam  bunches,  the  MHO  constraint  becomes 
easier  to  satisfy.  Eq.  (5)  indicates  that  only  a  few  TV/  of  unbunched 
power  can  be  transported  in  .5  cm-radius  channels  when  R/F  =  .1.  Large 
channels  can  be  used  to  transport  :aich-higher  power  and  somewhat  hotter 
(larger  R/F)  beams  provided  final  focusing  to  pellet  dimensions  can  be 
achieved. 

Hotter  beams  are  desirable  for  suppression  of  beam-plasma  micro¬ 
instabilities  [7],  The  most  dangerous  electrostatic  mode  is  the  beam- 
plasma  2-stream.  It  can  be  stabilized  by  dispersion  in  beam-ion  axial 
velocity 


The  Whister  and  Weibel  instabilities  are  the  fastest-growing 
electromagnetic  modes.  Growth  can  be  reduced  to  a  to! arable  number  of  e- 
folds  when 


In  these  equations,  u>  b  and  upe  are  the  beam-  and  electron-plasma 

frequencies  and  v  .  is  the  electron-plasma  collision  frequency.  Since 
2  2  2  ei 

V||  +  vx  =  vQ  is  a  constant  of  the  beam  motion,  the  left-hand-sides  of 
both  equations  are  about  equal  to  ( R/F )  ^ .  In  general,  stability  of 
transporting  beams  competes  with  focusability  in  limiting  R/F  to  about  .1 
or  above. 

IV.  PELLET  OVERLAP 

Once  the  beam  exits  a  pellet-diameter  transport  section,  ions  move 


ballistically  in  the  plasma  surrounding  the  pellet.  Expansion  of  the  beam 
envelope  limits  the  channel  exit-to-pellet  separation  d  to  a  few 
centimeters.  Countering  this  small-d  advantage  is  a  need  for  all  M  of  the 
systems  transport  sections  to  fit  within  the  available  solid  angle 
surrounding  the  pellet  [3].  This  requirement  can  be  expressed 

N-irr^  =  f-4ud^  (8) 

w 

where  f  is  some  fraction  determined  by  hardware-packi  ng  limitations. 

The  character  of  beam  expansion  depends  on  the  phase-mixed 
distribution  function  for  the  transporting  beam  which,  in  turn,  depends  on 
the  focusing  geometry  at  injection  and  the  3 Q[r)  distribution  within  the 
channel.  A  3-dimensional  code  has  been  developed  which  calculates  orbits 
in  a  specified  3Q(r)  for  an  ensemble  of  ions  injected  according  to  a 
specified  focusing  geometry.  The  phase-mixed  distribution  function  of  the 
beam  is  constructed  numerically  and  used  to  determine  radial  profiles  of 
ion  density  n.j(r,z)  for  the  expanding  beam  where  z  is  the  distance  from 
the  exit.  For  a  pellet  with  the  same  radius  as  the  channel,  the  fraction 
of  the  bunched-beam  power  incident  on  the  pellet  is  P(d)/P(0)  ,  where 

P ( z )  ~  fQ  w  n. (r,z)rdr  .  (9) 

Results  of  this  analysis  are 
shown  in  Fig.  2  for  three  chan¬ 
nel  3-field  configurations.  The 
label  "pinched"  refers  to  a 
channel  in  which  current  is 
carried  uniformly  within 

0  <  r  <  .4  r  and  "hollow" 

v/ 

implies  one  with  uniform  current 

in  .5  r,  r  <  r.  In  each 

w  w 

case,  Ic]l  is  adjusted  to  confine 
all  ions  within  r  .  Large  B- 
f i el ds  at  small  radii  in  the 
pinched  channel  cause  ions  to 
cross  the  axis  of  symmetry  at 
large  angles,  thereby  producing 
rapid  expansion.  For  the  other 
two  cases,  P(d)/P(0)  >  2/3  for 


(10) 


(3/F)d/rw  <  1 

Combination  of  Eqs.  (S)  and  (10)  with  f  =  1/4  leads  to  the  requirement 
R/F  <  1//TT  . 


V.  SMALL-0  IAMETER-CHAMNEL  SYSTEMS 

The  limitations  associated  with  the  phenomena  described  above  are 
satisfied  by  the  shaded  region  of  Fig.  3  for  He  ions,  M  =  36  and  rw  -  .5 

O 

cm  =  rp  (pellet  radius)  producing  38  TV! /cm  irradiance  on  target  with  10 
ns  beams  bunched  from  40  ns.  Diagrams  for  other  light  ions  are  similar  in 
character  [1].  Since  the  focusing  limit  derives  from  <59,^  +  59^  only, 

present  experiments  would  indi- 

4, _ _ r _ — . - - — - — — , 

/  A  !  cate  a  shift  of  the  heavy- 

;  /  m  -eQ,,  w  i  dashed  line  to  higher  R/F. 

/  c  -  8  Mev 

,  stability  .^/  r  .  40  ns  Since  multi -Tl/  beams  must  have 
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Figure  3 


R/F  <  .1  to  avoid  excessive 
energy  loss,  system  require¬ 
ments  cannot  be  satisfied  with¬ 
out  substantial  improvements  in 
experimental  focusabil ity . 

The  focusabil ity  problem 
can  be  resolved  with  the  larger 
values  of  r$  and  R/F  associated 
with  1 arger-di ameter  channels 
terminated  in  a  final -focusing 
el ement. 


VI.  SYSTEMS  WITH  FIHAL-FOCUS IMG 

As  demonstrated  in  these  proceedings  [9],  a  transported  beam  can  be 
manipulated  in  a  short  magnetic  focusing  cell  without  additional  loss  of 
brightness.  An  increased  3^(r)  operating  over  a  fraction  of  an  ion 
betatron  wavelength  (a  )  can  focus  the  phase-mixed  beam  to  smaller  radius 
at  the  expense  of  increased  beam  divergence.  The  channel  radius  can 
therefore  be  increased  to  a  few-times  the  pellet  radius  provided  a  smaller 
d  does  not  disrupt  the  pellet.  Hi  gh-densi ty  plasma  in  the 
cell  (>  20  Torr)  is  required  to  minimize  its  MHO  response  to  the  strong 
focusing  6?  field  and  high-current-density  beam.  This  plasma  should 
remain  sufficiently  cool  to  eliminate  pellet  preheat  by  plasma  expansion 
from  the  cell  even  for  d  -  1  cm. 


The  simplest  final-focusing  geometry  is  a  cylindrical  region  of 


radius  r..  and  X./4  long  carrying  a  uni  formly-di stri buted  current 

W  p 

I f { MA )  >  I  .  .  Analytic  calculation  of  ion  orbits  in  the  cell 

demonstrate  that  all  ions  leave  the  cell  within  radius  r,  =  v  8  /w. 

r  u  o  p 

where  8  is  the  maximum  angle  at  which  ions  enter  the  cell  at  all  radii 
and  w3  is  the  betatron  frequency.  This  relation  can  be  written 

P 


(ID 


For  2  MeV  protons,  8Q  =  .15  and  If  =  .2  MA,  r^/rw  =  3  (a  factor  of  9 

compression  in  beam-current  density)  is  predicted.  This  might  be  achieved 

with  a  hollow  channel  for  which  8q  2  R/F  =  .15  .  Full  channels  are 

characterized  by  =  fl  (R/F)  on  axis  so  that  r./r,  =  2  might  be 

o  t  w 

expected. 

More  precise  calculations  have  been  carried  out  to  determine  the 
performance  of  focusing  cells  using  realistic  beam  distribution  functions 
and  more-complicated  field  geometries.  Of  particular  interest  are  full 
and  hollow  channels  terminated  in  focusing  cells  which  are  tapered  towards 
the  pellet  to  increase  the  focusing-fiel d  strength.  These  cells 
are  A3/8  long  so  that  the  best  focus  is  achieved  on  target  beyond  the 
cell.  An  extension  of  the  code  described  in  Sec.  IV  was  used  to  determine 
n.j(r,z)  profiles  within  the  cell  and  in  the  field-free  plasma  beyond.  In 
general,  variations  of  8q  with  r  result  in  compression  ratios  which  are 
smaller  than  predicted  by  Eq.  (11).  For  the  parameters  of  the  previous 
paragraph  and  a  full  channel  of  radius  r  =  1.4  cm,  profiles  were 

calculated  for  a 
cell  2.5  cm  long 
which  tapered  in  the 
second-half  of  its 
length  to  a  radius 
of  .7  cm.  Tnese  are 
shown  in  Fig.  4. 
Current-dens i ty 
compression  of  3  was 
achieved  1  cm  beyond 
the  exit  of  the 
focusing  cell. 

Hollow  channels, 
because  of  the 


associated  constancy 


Figure  4 


of  0  in  r  and  minimum  loss  of  beam-brightness  during  transport  [9] 
achieve  larger  compression  factors  and  linger  stand-off  distances  to  final 
focus.  Factor-of-10  compression  1.5  cm  beyond  the  cell  has  been 
calculated  with  hollow-channel  transport. 

Consider  a  beam  which  can  be  compressed  a  factor-of-S  in  current 
density  (r  Jrc  -  2.5)  and  delivered  to  a  1- cm- diameter  oellet. 

W  r 

Transport  can  then  take  place  in  channels  with  r  =  1.2  cm.  For  R/F  = 

w 

.15,  Eq.  (5)  predicts  that  unbunched  12.5  TW,  40  ns  beams  can  be 
transported.  After  2  m  transport,  a  bunched  50  TW,  10ns  beam  enters  the 
final -focusing  cell.  If  most  of  each  compressed  beam  impacts  the  pellet, 
M=4  modules  will  suffice  for  ignition.  With  R  =  2.5  cm,  Eq.  (2) 
requires  68  =  .1  rad.  Provided  that  the  disruptive  effects  of  diode 
instabilities  at  the  10  TW-leval  are  comparable  to  present  few-TW 
experiments,  this  focusability  is  achievable. 

It  is  therefore  believed  that  the  use  of  a  small  number  of  super¬ 
power  modules  employing  large-diameter  transport  channels  terminated  in 
final-focusing  elements  provides  the  most  practical  approach  to  modular 
light-ion  inertial  confinement  fusion. 
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A  TIME  RESOLVED  BEAM  PROFILE  MONITOR  FOR  INTENSE  ION  3EAMS 

+  -j-1 

A.E.  3laugrund  ,  S.J.  Stephanakis  and  Shyke  A.  Goldstein 
Naval  Research  Laboratory,  Washington,  D.C.  20375 

ABSTRACT 

An  intense  ion  beam  profile  monitor  employing  scintillators  and  fast 
photography  has  been  developed.  The  ion  flux  reaching  the  scintillator  is 
reduced  by  means  of  Rutherford  scattering.  Time  resolved  measurements  of  ^ 
the  distribution  and  direction  of  motion  of  ion  beams  as  intense  as  IMA/cm 
can  be  made  with  this  diagnostic  method.  Examples  of  measurements  are 
presented. 

introduction’ 

The  use  of  light  ion  beams  for  inertial  confinement  fusion  requires 

extremely  powerful  beams  of  particles  converging  on  a  small  pellet.  Present 

estimates indicate  that  10-100  TW  beams  have  to  be  focused  onto  a  pellet 

a  few  millimeters  in  diameter.  The  first  intense  ion  beams  were  produced 

(2) 

several  years  ago  on  the  NRL  Gamble  II  accelerator  .  Since  then  steady 

progress  has  been  made  both  in  this  laboratory ^  and  elsewhere ^ .  The 

most  intense  beams  reported  so  far  have  a  power  of  2  to  3  TW  and  power 

2  (5  6) 

densities  of  0.3  TW/cn  '  .  Efforts  to  improve  the  performance  of  light 

ion  generators  require  diagnostic  techniques  capable  of  measuring  the  ion 

composition  of  the  beam,  the  particle  energies,  the  current  density  and 

its  distribution  in  space,  as  well  as  the  directions  of  motion  of  the  ions. 

Since  the  temporal  behaviour  of  these  quantities  has  to  be  known,  the  data 

have  to  be  measured  and  recorded  in  a  time-resolved  way.  The  large  number 

of  parameters  necessitates  the  use  of  a  method  in  which  a  large  number  of 

data  points  can  be  recorded  simultaneously.  Until  new  time  and  space 

2 

resolved  monitoring  of  intense  { >  lkA/cm  )  ion  beams  presented  a  problem. 
Attempts  to  monitor  such  beams  by  observing  the  light  emitted  by  a  scin¬ 
tillator  placed  in  their  path  failed  because  the  scintillators  ceased  to 

2 

function  at  ion  current  densitites  exceeding  a  few  tens  of  amperes/cm  . 
Attempts  to  attenuate  the  beam  before  it  reached  the  scintillator  by  means 
of  screens  or  aperture  arrays  were  also  unsuccessful. 

In  this  work  we  present  a  time  resolved  ion  beam  diagnostic  method 
using  fast  photography  and  scintillators.  The  desired  reduction  in  the  ion 
flux  incident  on  the  scintillator  is  achieved  by  Rutherford  scattering: 
the  direct  beam  hits  a  scatterer  and  only  deflected  ions  are  allowed 
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to  reach  the  scintillator.  The  differential  scattering  cross  section  for 
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ions  scattered  through  an  angle  0  is  given  by  0  =0  sin  *0  .  0  is 

_  K  O  O 

2 

proportional  to  (Z/E)  where  Z  is  the  atomic  number  of  the  scattering  atoms 
and  E  the  kinetic  energy  of  the  ions.  The  specific  functional  dependence 
of  0_  on  Z,  E  and  6  can  be  exploited  to  obtain  desired  properties  for  the 

K 

diagnostic  method.  So,  for  example,  an  appropriate  choice  of  the  scatter¬ 
ing  angle  and  of  the  atomic  number  of  the  scatterer  will  produce  the  desired 
flux  of  ions  incident  on  the  scintillator. 

Using  a  simple  electronic  streaking  camera  distributions  of  ions  along 
a*  beam  diameter  were  measured  with  a  time  resolution  of  about  2  ns  and  a 
spatial  resolution  of  3  to  4  mm.  In  other  experiments  the  direction  of 
motion  of  the  ions  at  a  few  selected  radii  within  the  beam  was  recorded  as 
a  function  of  time. 

THE  METHOD 


The  desired  reduction  in  ion'  flux  and  the  required  spatial  and 
temporal  resolution  can  be  achieved  in  a  variety  of  geometrical  arrangements. 
Figure  1  schematically  shows  three  possible  geometries.  In  each  case  the 
ion  beam  passes  through  a  long  and  narrow  slit  before  impinging  on  a 
scatterer.  The  width  d  of  the  slit  is  chosen  as  small  as  possible.  However, 
it  should  be  large  enough  so  that  hydrodynamic  motion  of  the  slit  jaws  under 
beam  bombardment  does  not  significantly  interfere  with  the  passage  of  the 
beam  pulse.  The  length  of  the  slit  in  the  x  direction  (see  fig.  1)  should 
be  large  enough  to  let  an  entire  beam  diameter  reach  the  scatterer  which 
has  the  form  of  a  long  and  narrow  strip  large  enough  to  intercept  the  beam 
passing  though  the  slit.  The  different  geometries  can  be  classified  into 
four  general  categories:  the  scattered  ions  can  be  observed  either  in 
reflection  or  in  transmission  and  spatial  resolution  can  be  achieved  either 
by  proximity  focusing  or  by  collimation  (see  fig.  1) .  Since  in  reflection 
the  incident  and  the  scattered  particles  are  on  the  same  side  of  the 
scatterer,  both  thin  and  thick  scatterers  can  be  used.  In  transmission 
only  thin  foil  scatterers  can  be  employed.  In  proximity  focusing  (scintilla¬ 
tors  I  and  II  in  fig.  1)  the  scintillator  is  placed  as  close  as  possible  to 
the  scatterer,  while  still  remaining  shielded  from  the  direct  beam.  The 
spatial  resolution  is  determined  by  and  is  of  the  order  of  the  distance 
travelled  by  the  ion  from  the  scatterer  to  the  scintillator.  The  finite 
dimension  d  of  the  beam  puts  a  limit  to  the  proximity  and  therefore  limits 
the  resolution.  In  the  collimation  method  the  scattered  ions  reach  the 


scintillator  through  a  row  of  collimator  tubes.  Here,  the  spatial  resolution 


is  determined  by  the  size  of  the  collimators  in 


the  x  direction  and  by  their 


Fig.  1.  Schematic  diagram  of  the  Rutherford  scattering  method  showing 
three  possible  geometries:  I  -  reflection  geometry  with 
proximity  focusing:  II  -  transmission  geometry  with  proximity 
focusing;  III  -  transmission  geometry  with  collimation.  The 
entrance  slit,  the  scatterer  and  the  scintillator  extend 
along  the  x-diraction  over  the  entire  beam  diameter. 


length  and  distance  from  the  scatterer.  In  principle  any  desired  resolu¬ 
tion  can  be  achieved,  provided  that  the  flux  of  ions  reaching  the  scintilla¬ 
tor  is  sufficient  for  detection. 

In  the  work  described  here  two  geometries  were  tried  successfully, 
viz.,  transmission  scatterer  with  a  collimator  array  and  reflection  scatter¬ 
er  with  proximity  focusing.  The  latter  method  offers  many  practical 
advantages:  1)  One  can  use  a  thick  scatterer,  thus  making  its  mounting  and 

handling  easier.  2)  When  proximity  focusing  is  used  there  is  no  need  for  a 
rather  delicate  array  of  collimator  tubes  which  is  easily  damaged  by  the 
debris  produced  by  a  high  power  ion  beam.  3)  For  a  thick  reflection 
scatterer  the  light  output  of  the  scintillator  depends  only  weakly  on  the 
ion  energy  (see  below)  and  is  therefore  primarily  a  measure  of  the  ion 
current  density  in  the  beam.  This  is  an  advantage  when  one  wants  to  measure 
the  beam  profile  as  a  function  of  time  while  the  diode  voltage  is  changing. 

Since  the  achievable  spatial  resolution  of  a  few  millimeters  was 
deemed  sufficient  for  our  purpose,  practically  all  experiments  were  done 
using  a  thick  reflection  scatterer  in  conjunction  with  proximity  focusing. 

For  low  enough  ion  current  densitities  incident  on  the  scintillator 
the  light  flux  produced  is  approximately  proportional  to  the  power  density 
of  the  ions  reaching  the  scintillator.  As  the  power  density  rises  the 
scintillator  response  becomes  non  linear,  reaching  saturation  and  then 
even  declining  to  zero^.  The  sensitivity  of  the  light  recording  system 
should  be  such  that  an  observable  record  is  produced  while  the  scintillator 
still  functions  in  its  linear  range.  For  any  civen  beam  inter. 


sity  the 


desired  ion  flux  on  the  scintillator  can  be  achieved  by  choosing  the 
scattering  angle  and  the  atomic  number  of  the  scattering  material. 

If  one  assumes  that  the  light  output  of  the  scintillator  is  porportior.al 

to  the  incident  ion  power  and  that  the  ion  range  in  the  scatterer  depends 

linearly  on  the  ion  energy  E  it  can  easily  be  shown  that,  for  a  thick 

scatterer  operating  in  reflection,  the  light  output  of  the  scintillator  is 

independent  of  S.  This  is  so  because  the  change  in  light  output  due  to  the 

change  in  ion  power  (vE)  and  due  to  the  change  in  the  number  of  scattering 

nuclei  (vE)  is  compensated  by  the  change  in  the  scattering  cross  section 
2 

Cul/E  ).  Thus,  under  the  above  assumptions,  the  light  output  of  the  scin¬ 
tillator  is  independent  of  the  kinetic  energy  of  the  ions  and  depends 
linearly  on  their  current. 

THE  EXPERIMENTAL  ARRANGEMENT 

Proton  beams  of  several  hundreds  of  kiloamperes  at  1  to  1.5  MV  were 
produced  in  a  pinch  relex  diode on  the  upgraded  Gamble  II  generator 
operating  in  positive  polarity.  Both  planar  and  curved  (focusing)  anode 
foils  approximately  10  cm  in  diameter  were  used.  Figure  2  schematically 


Schematic  diagram  of  a  planar  pinch  reflex  diode. 


shows  the  geometry  of  a  planar  diode.  The  current  densities  encountered 

in  these  experiments  ranged  from  a  few  kiloanperes  per  square  centimetre 

2 

to  more  than  100  kA/cm  ,  depending  on  the  diode  geometry  and  on  the  distance 

from  the  diode.  The  experimental  arrangement  for  detecting  the  ions  by  the 

Rutherford  scattering  method  is  shewn  in  fig.  3.  The  beam  aperture,  the 

support  for  the  scatterer,  the  support  for  the  scintillator  and  for  the 

optical  mirror  were  machined  from  two  solid  blocks  of  aluminium  which 

together  formed  the  structure  shown  in  fig.  3.  This  structure  could  be 

taken  apart  for  installing  the  scatterer  and  the  scintillator.  The  beam 

aperture  had  the  form  of  a  narrow  slit,  1  mm  wide  and  10  cm  long.  This 

aperture  extended  along  a  diameter  of  the  circularly  symmetric  ion  beam. 

The  scatterer  was  an  approximately  8  am  wide  and  10  cm  long  strip  of  metal 

(usually  thicker-than-range  copper  tape)  which  intercepted  the  entire  beam 

passing  through  the  aperture.  Its  surface  made  a  30°  angle  with  the  beam 

direction.  The  ME  102  scintillator  was  4.5  mm  wide,  10  cm  long  and  40  pa 

thick.  It  was  positioned  above  the  scatterer,  with  its  surface  parallel  to 

the  plane  of  the  incident  beam  and  at  a  distance  of  3.5  mm  from  it.  The 
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Fig.  3.  Cross  section  through  the  entrance  aperture,  the  scatterer, 
and  the  scintillator  support.  Note  the  magnets  in  front  of 
the  entrance  aperture. 


scattering  angles  ranged  from  30°  to  70°.  In  order  to  minimize  the  back¬ 
ground  due  to  x-rays  and  fast  electrons  the  thickness  of  the  scintillator 
was  chosen  approximately  equal  to  the  range  of  the  protons .  Cn  the  surface 
facing  the  scatterer  the  scintillator  was  coated  with  approximately  1000  % 
of  aluminium  in  order  to  prevent  light  produced  by  the  ion  beam  striking 
the  scatterer  from  reaching  the  camera.  The  light  of  the  scintillator 
was  recorded  by  a  TKW  model  ID  image  converter  camera  with  a  model  12b 
streak  plug-in  unit.  The  objective  lens  had  an  f-nunber  of  2  and  the 
fluorescent  screen  of  the  camera  was  photographed  through  an  fl.4  lens  on 
•3000  ASA  Polaroid  film.  The  scintilla  tor- to- film  demagnification  was 

approximately  1/4  and  the  streaking  speed  was  0.5  mm/ns.  The  scattering 
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reduced  the  ion  flux  incident  on  the  scintillator  by  a  factor  of  7x10 
with  respect  to  the  flux  in  the  beam. 

The  diagnostic  equipment  shown  in  fig.  3  fitted  into  a  15  cm  diameter 
drift  tube  filled  with  approximately  1  Torr  of  air  (see  fig.  2) .  The  air 
was  required  to  space  charge  and  current  neutralize  the  ion  beam  and  thus 
facilitate  its  nearly  ballistic  propagation  down  the  drift  tube. 

In  most  of  the  experiments  a  set  of  permanent  magnets  were  placed  before 
the  entrance  aperture  of  the  Rutherford  diagnostic  equipment.  These  magnets 
produced  a  transverse  magnetic  field  of  about  1.5  kG  over  2  cm  which 
prevented  electrons  preceding  or  accompanying  the  ion  beam  from  reaching 
the  scatterer. 

MEASUREMENTS 

In  the  first  experiments  ’using  the  Rutherford  diagnostic  method  it  was 
discovered  that  the  ion  beam  is  preceded  by  a  hollow  electron  beam.  5ig.  4 
shows  two  screak  photographs  taken  at  a  distance  of  20  cm  from  the  anode 
of  a  spherical  diode  under  similar  experimental  conditions  except  that  the 


method:  a)  without  magnetic  field;  b)  with  transverse 
magnetic  field.  The  sharp  biack  lines  are  fiducial  markers. 
The  more  difruse  dark  bancs  in  b  are  due  to  beam  stops 
placed  at  the  entrance  aperture. 


photograph  in  fig.  4b  was  taken  with  a  1.5  kG  transverse  magnetic  field 
preceding  the  entrance  aperture  of  the  diagnostic  equipment.  Figure  4a  shows 
two  distinct  parts  in  the  signal.  In  fig.  4b  it  can  clearly  be  seen  that 
the  magnetic  field  totally  removes  the  early  part  of  the  signal  without 
affecting  it  at  later  times.  This  indicates  that  the  first  part  of  the 
signal  in  fig.  4a  is  due  to  electrons,  as  opposed  to  the  second  part  which 
is  due  to  ions.  By  covering  the  scintillator  with  absorbers  of  various 
thicknesses  it  was  determined  that  these  electrons  have  an  energy  of  40 
to  80  keV.  . 

Placing  a  narrow  beam  stop  some  way  upstream  (e.g.,  at  the  entrance 
aperture  of  the  equipment)  will  again  produce  a  distinct  shadow  on  the 
scintillator,  provided  the  beam  particles  move  along  straight  lines  and 
the  bean  is  not  excessively  convergent  or  divergent  at  the  point  of 
observation.  In  fig.  4b  two  such  shadows  were  produced  by  two  5  mm  wide 
beam  stops  placed  at  the  entrace  aperture  of  the  diagnostic  equipment. 

From  the  radial  position  of  these  shadows,  as  measured  on  the  scintillator, 
and  from  the  known  radial  positions  of  the  beam  stops  and  their  distance 
from  the  scintillator  the  direction  of  motion  of  the  ions  at  these  radii 
in  the  beam  can  be  determined.  At  the  same  time  variations  of  beam  intens¬ 
ity  as  a  function  of  radius  and  time  can  be  deduced  from  the  light  intens¬ 
ity  of  the  scintillator  in  the  intervals  between  the  shadows  of  beam  stops 
This  technique  very  much  enhances  the  power  of  this  diagnostic  method. 

Figure  5  shows  the  reconstruction  of  ion  traj  ectories  emerging  from  a 
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Fig.  5.  Ion  trajectories  from  a  planar  pinch  reflex  diode 


1 


planar  pinch  reflex  diode  at  the  beginning  of  the  ion  pulse  and  18  ns  later. 
These  trajectories  were  deduced  from  a  streak  photograph  taken  with  various 
beam  stops  placed  at  the  entrance  aperture.  The  bending  and  focusing  of 
the  ions  by  the  self-magnetic  field  in  the  diode  at  t=13  ns  is  apparent. 


CONCLUSIONS 

The  Rutherford  scattering  method  presented  here  is  a  powerful  diagnos¬ 
tic  tool  which  has  enabled  us  to  measure  current  distributions  and  angular 
distributions  of  intense  ion  beams  in  a  time  resolved  manner.  The  method 

is  versatile  and  can  easily  be  used  for  current  densities  of  1  to  1000 

2 

kA/cm  .  Nanosecond  time  resolution  and  millimeter  spatial  resolution  are 
readily  achievable.  Different  variants  of  the  method  stressing  different 
properties  of  the  ion  beams  can  be  used.  E.g.,  focusing  by  two-dimensional 
collimator  arrays  in  conjunction  with  a  high  speed  framing  camera  can  yield 
time  resolved  two-dimensional  beam  profiles.  This  mode  of  operation  offers 
very  good  spatial  resolution  and  may  be  particularly  suitable  for  invest¬ 
igating  focal  regions  of  intense  ion  beams. 

We  have  used  the  Rutherford  diagnostic  methods  for  investigating  ion 
trajectories  and  focusing  properties  of  beams  emitted  by  planar  and 
spherical  pinch  reflex  diodes.  The  results  of  these  measurements  as  well 
a  more  detailed  analysis  of  the  diagnostic  method  will  be  published 
elsewhere. 
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ABSTRACT 

Experiments  "  have  been  performed  at  the  Naval  Research  Laboratory 
which  have  demonstrated  the  efficient  confinement  and  transport  of  intense 
(1  Mev,  30-50  kA/cm2,  50  ns)  light-ion  beams  in  wall-stabilized  z-dis- 
charge  plasma  channels  up  to  5  m  long.  Measurements  of  transport  effi¬ 
ciency  and  particle  energy  loss  in  the  channels  have  been  made  and  the 
plasma  physics  of  the  channel  formation  investigated.  Recently  the  field- 
free  propagation  and  expansion  of  the  transported  beams  along  with  the 
effect  of  channel  transport  on  beam  quality  have  been  studied.  These 
experiments  have  led  to  an  efficient,  modularized,  rep-ratable  bean  trans¬ 
port  system  design. 

Introduction.  Large  pulse-power  generators,  such  as  Gamble  II  at  the 
Naval  Research  Laboratory,  can  be  used  as  sources  of  intense  light-ion 
beams  (1  MeV,  50^  kA,  50  ns)  [1].  For  many  applications  it  is  desirable 
to  have  a  "methocl“of  transporting  these  beams  at  least  several  meters.  In 
this  way  beams  from  several  large  generators  can  be  combined  at  a  common 
target,  while  the  generators,  due  to  the  large  standoff  distance,  are 
protected  from  the  target  explosion  and  debris.  Also,  proper  shaping  of 
the  ion  voltage  pulse  can  lead  to  time-of-fl ight  bunching  in  the  channel 
and  power  multiplication  at  the  target  [2]. 

Concept.  All  the  ion  beam  transport  experiments  performed  at  the  Naval 
Research  Laboratory  have  used  the  same  concept,  shown  in  Figure  1.  The 
intense  ion  beam  is  produced  in  a  pinch-reflex  diode  and  is  extracted 
through  a  hollow  cylindrical  cathode,  A  focus  is  obtained  close  to  the 
diode  by  utilizing  the  self-magnetic  field  of  the  beam  over  a  controlled 
distance  or  a  curved  anode  or  combinations  of  both.  At  the  focus  the  beam 
is  injected  into  a  preformed  plasma  channel  which  carries  an  externally 
supplied  axial  current.  For  sufficient  channel  currents  with  proper 
radial  current  distributions  the  ions  are  confined  by  the  azimuthal  mag¬ 
netic  field  of  the  channel  current  and  propagate  to  the  target. 


Various  experiments  have  used  this  concept  with  differing  hardware  but 
with  several  common  requirements;  sufficient  background  pressure  to 
provide  charge  and  current  neutralization  of  the  beam  without  excessive 
ion  energy  losses  between  the  diode  and  target  and  sufficient  channel 
current  to  confine  the  beam  within  a  desired  diameter  channel. 

Wall -Stabil i zed  Plasma  Channels.  A  summary  of  past  transport  experiments 
is  shown  in  Figure  2.  Early  experiments  with  exploding  wire  channels  and 
unstabilized  low-pressure  z-discharges  gave  poor  results  and  were  techni¬ 
cally  cumbersome.  This  led  to  the  conception  and  design  of  the  wall- 
stabilized  channel  system,  which  is  an  energy  efficient,  rep-ratable 
method  of  producing  relatively  stable,  axially  uniform  axisymmetric  z- 
discharges  without  sophisticated  biasing  or  preionization.  This  technique 
was  refined  in  further  experiments  to  the  optimized  modular  system  now  in 
use.  A  single  module  of  this  system  is  shown  schematically  in  Figure  3. 
The  coaxial  geometry  provides  low  inductance  and  some  stabilization  of  MHO 
modes.  In  typical  operation  1-2  kJ/m  of  energy  is  invested  in  the  channel 
with  up  to  50  kA  supplied  by  the  capacitor  bank.  The  channel  current 
rises  to  peak  in  1.5  us  or  less  and  is  nearly  critical ly  damped.  Impurity 
loading  from  the  walls  keeps  the  plasma  temperature  low  and  the  channel 
resistance  is  typically  0.5  ft/m  for  1  Torr  fill  pressure.  The  channel 
formation  is  synchronized  with  the  erection  of  the  marx  generator  with 
adjustable  delay  so  that  the  ion  beam  can  be  injected  at  any  desired  time 
in  the  evolution  of  the  channel.  -  ...  ..... 

A  channel  module  is  mated  to  the  diode  and  focusing  region  as  shown 
in  the  scale  drawing  of  Figure  4.  This  is  the  most  recently  used  diode 
configuration  and  produces  300  kA  of  1  MeV  protons  [3].  The  focused 
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current  density  at  the  channel  entrance  is  30-50  kA/cmc  with  a  maximum 
effective  ion  entrance  angle  of  15  degrees. 

Beam  Transport  Diagnosis.  The  problem  of  diagnosis  is  complicated  by  the 
necessity  of  forming  the  plasma  channel  in  advance  of  ion  beam 
injection;'  A  primary  diagnostic  in  these  experiments  has  been  detection 
of  prompt-y  radiation  from  teflon  targets  using  the  15F(p,ay  )^Q  reaction 
[4].  Teflon  screen  targets  are  placed  in  the  channel  as  shown  in  Figure 
5.  These  targets  do  not  interfere  with,  the  channel  formation  and  are  not 
damaged  by  the  channel  plasma.  Absolutely  calibrated  scintillator- 
photomul  tipi  ier  detectors  [5]  view  various  targets.  A  typical 

configuration  is  shown  in  Figure  6  where  two  channel  modules  are  coupled 
coupled  and  driven  from  a  single  capacitor  bank.  Representative  signals 


from  detector  1  are  shown  in  Figure  7.  The  prompt-Y  pulses  are  separated 
from  the  diode  bremsstrahlung  pulse  due  to  the  ion  time-of-fl  ight.  The 
temporal  separation  of  the  prompt-Y  pulses  gives  the  average  ion  energy  in 
the  channel  between  targets  1  and  2.  A  simple  computer  model  is  used  to 
predict  the  amplitude,  shape  and  timing  of  these  and  subsequent  prompt-y 
signals  from  more  distant  targets  based  on  diode  and  ion  beam  voltage  and 
current  characteristics,  reaction  cross  sections,  experimental  geometry 
and  expected  ion  energy  losses.  Experimental  data  is  matched  to  the 
computer  prediction  to  determine  particle  transport  efficiency  and  ion 
energy  loss  as  a  function  of  transport  distance.  Particle  transport  effi¬ 
ciencies  of  up  to  100  percent  have  been  observed  in  these  experiments  with 
typical  energy  losses  of  order  lOOkeV/m.  Up  to  400  kA  of  total  ion 
current  has  been  transported  in  the  largest  diameter  (4.5  cm)  channel. 
Studies  of  the  modification  of  channel  resistance  and  redistribution  of 
channel  magnetic  field  structure  (using  magnetic  probes  in  the  diagnostic 
access  shewn  in  Fig.  6)  indicated  that  the  ion  beam-channel  interaction  is 
not  strong  with  available  ion  beams. 

Channel  Evolution  and  Structure.  Using  the  same  diagnostic  access  and 
magnetic  probes  cited  above,  the  spatial  and  temporal  evolution  of  the 
channel  magnetic  field  structure  was  investigated.  The  structure  is 
strongly  dependent  on  gas  pressure  and  composition,  capacitor  bank  para¬ 
meters  and  channel  geometry.  Representative  data. for  a  2.5  m  channel  at 
‘  low  "appl ied* vol  tage  are  shown  in  Figure  8.  At  a  typical  ion  beam  injec¬ 
tion  time  of  1600  ns  the  magnetic  axis  has  not  yet  shifted  from  the  geo¬ 
metric  axis  even  with  the  strong  probe  perturbation.  The  current  is 
largely  confined  to  the  central  two- thirds  of  the  channel  diameter  where 
the  ion  beam  would  propagate.  Because  of  the  complex  controlled  nature  of 
the  channel  breakdown  and  the  resulting  current  flow,  strong  pinching  on 
axis  (detrimental  to  ion  beam  propagation)  is  prevented  and  a  quasi- 
s teady-state  magnetic  field  distribution  is  obtained  as  shown. 

Rost-Transport  3eam  Quality.  The  high  quality  of  the  transported  beam  in 
1.25m,  2.5m  and  5m  long  channels  has  been  verified  using  a  variety  of 
techniques.  Figure  9  shows  one  simple  method.  The  ion  beam  exiting  the 
channel  is  allowed  to  impact  a  0.75  mm  thick  aluminum  plate  which  lias  a  2 
irt-i  central  aperture.  The  rear  surface  spall  on  this  plate  is  'well 
centered,  uniform  and  equal  in  diameter  to  the  injected  ion  beam.  A  beam- 
let  from  the  central  aperture  expands  and  produces  uniform  front  surface 
damage  on  a  second  aluminum  plate.  The  cone  angle  of  the  expansion  from 


the  first  plate  is  consistent  with  the  range  of  injected  ion  angles  and 
the  channel  current.  Beamlets  from  the  array  of  apertures  on  the  second 
plate  correctly  image  the  first  aperture  on  infrared  sensitive  film  [6]. 
The  film  images  confirm  the  uniformity  in  angular  distribution  of  the 
exiting  beam  and  the  ballistic  nature  of  its  propagation.  Similar 
experiments  have  been  performed  with  orf-axis  apertures,  multiple  aper¬ 
tures  and  slits  in  various  orientations. 

Post-Transport  Beam  Propagation  and  Expansion.  As  the  channel  current  is 
reduced,  the  maximum  ion  injection  angle  for  ion  confinement  in  the 
channel  is  expected  to  decrease.  This  was  confirmed  by  measurements 
similar  to  those  described  above.  Figure  10  shows  the  expected  decrease 
in  exit  cone  angle  of  the  beam  as  the  channel  current  is  reduced.  For 
further  study  of  the  field-free  beam  propagation  the  channel  was  recon¬ 
figured  as  shown  in  Figure  11.  Current  was  supplied  at  the  channel 
center,  and  the  beam  exited  into  a  large  field-free  expansion  chamber  with 
optical  access  and  target  mountings.  The  channel  and  chamber  were  filled 
with  argon  to  easily  distinguish  channel  plasma  from  target-bl owoff 
plasma.  Open  shutter  photography  (Figure  12)  shows  a  weakly  luminous 
target  plasma  (expansion  velocity  ~  7  mm/us,  measured  separately)  and  an 
intensely  luminous  channel  plasma  (expansion  velocity  ~  10  mm/us,  measured 
separately).  The  less  luminous  cone  in  the  argon  plasma,  denoting  the 
expanded  beam  channel,  is  clearly  visible,  and  intense  recombination  light 
is  observed  outsi.de  this  cone  at  the  walls.  A  stagnation  front  between 
the  argon  channel  plasma  and  the  target  bl owoff  plasma  is  apparent  at  the 
position  expected  from  the  different  plasma  velocities.  Target  damage  was 
consistent  with  these  observations.  Frami ng-camera  photographs  of  the 
same  events  were  also  taken.  Several  of  these  are  presented  in  Figure 
13.  Of  particular  interest  is  the  rapid  decay  of  visible  emission  from 
the  beam  channel  and  the  expansion  front  which  moves  rapidly  radially 
outward  from  the  beam  channel. 

Conclusion.  A  technique  for  efficiently  transporting  intense  focused  ion 
beams  up  to  5  meters  has  been  demonstrated.  Sufficient  knowledge  of  beam 
transport  and  channel  formation  physics  has  been  obtained  to  define  an 
optimized  systems  design  of  a  technologically  sound  modularized  transport 
system.  Transporting  beams  in  this  manner  has  been  shown  to  be  non-detri¬ 
mental  to  beam  quality. 
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Enhancement  of  the  energy  loss  of  1-MeV  deuterons  in  target-ablation  plasmas  over 
that  in  cold  targets  has  been  observed  when  signficant  ionization  is  present  in  the  plasma. 

Scaling  of  enhanced  stopping  with  target  ionization  is  consistent  with  stopping  by  free 
electrons  and  the  remaining  bound  electrons.  Measured  energy  losses  for  Mylar  and 
aluminum  targets  are  also  in  agreement  with  hydrocode  calculations. 

PACS  numbers:  52.40.Mj,  29.70.Gn,  52.50.Gj,  52.70.Nc 


Inertial  confinement  fusion  (ICF)  with  ion-beam 
drivers  requires  high-power- density  deposition 
of  ion  energy  in  fusion  targets.  The  beam  power 
density  is  proportional  to  the  current  density  fo¬ 
cused  onto  the  pellet  target  and  to  the  stopping 
power  of  the  beam-heated  target  material.  Cal¬ 


culations1'3  indicate  that  at  the  ionization  levels 
of  ICF  pellet  plasmas,  the  ion  stopping  power  is 
enhanced  such  that  the  ion  range  is  about  half  of 
that  in  a  cold  target.  In  this  paper,  measure¬ 
ments  of  the  energy  loss  of  megaelectronvolt  deu¬ 
terons  in  plasmas  formed  by  focusing  the  beam 
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FIG.  1.  Conceptual  experimental  schematic.  FIG.  2.  Diode-voltage  and  ion-current  traces. 


(1  MeV,  0.2  MA,  20  ns)  onto  subrange-thick  tar¬ 
gets  are  presenced.  The  results  demonstrate  that 
the  stopping  power  is  enhanced  and  confirm  theo¬ 
retical  scaling  of  the  stopping  power  with  target 
ionization. 

Recent  pulsed-power  and  diode-physics  ad¬ 
vances  have  resulted  in  the  focusing  of  proton  and 
deuteron  beams  to  several  hundred  kiloamperes 
per  square  centimeter,  sufficient  for  experiments 
on  ion  stopping  in  plasmas/  For  the  present  en¬ 
ergy-loss  experiments,  a  pinch-reflex  diode,4’3 
operating  at  a  peak  voltage  of  about  1.5  MV,  is 
used  to  produce  an  intense  deuteron  beam.  A  5- 
cm-diam  annular  cathode  is  employed,  and  a  100- 
Mm-thick  plastic  anode,  coated  with  deuteraced 
polyethylene  (CD,) ,  provides  the  deuteron  beam. 
The  ion  beam  is  charge  and  current  neutralized 
by  a  1.8-^m-thick  polycarbonate  foil  at  the  cath¬ 
ode  and  1  Torr  air  in  the  foe  using- drift  region 
(Fig.  1).  The  ion  current  passing  through  this 
foil  is  measured  by  a  Rogowski  coil.  Typical  cor- 
rected-voltage  and  ion-current  traces  are  shown 
in  Fig.  2.  After  about  40  ns  into  the  pulse,  the 
voltage  decreases  abruptly  due  to  insulator  flash- 
over.  Both  planar  and  spherically  contoured 
anodes4  are  used  to  produce  different  beam-cur- 
rent  densities  on  target  in  order  to  vary  target 
heating.  With  planar  anodes,  the  beam  focus  in 
10-15  cm  from  the  anode.  With  spherical  anodes, 
higher  current  density  is  achieved  about  4  cm 
from  the  anode  apex. 

The  experimental  technique  for  determining  the 
deuteron  energy  loss  uses  neutron  time-of-fiight 
(TOF)  with  multilayered  targets.5  The  beam  is 
focused  onto  a  target  consisting  of  a  6.4-^ m- 
thick  subrange  stopping  foil  of  Mylar  or  aluminum 
sandwiched  between  0.3-  and  1.0-um-thick  layers 
of  CD,  (Fig.  1).  The  TOF  of  d-d  neutrons  from 
the  two  CD2  targets  determines  both  the  incident 
deuteron  energy  and  the  energy  loss  in  the  stop¬ 


ping  foil.  Neutrons  are  detected  in  the  forward 
beam  direction,  and  reaction  kinematics7  are 
used  to  extract  deuteron  energies.  Neutrons 
from  the  two  CD,  targets  are  time  resolved  for  a 
7.6-m  neutron  flight  path.  For  planar  diodes, 
the  time  separation  of  neutrons  from  the  two  tar¬ 
gets  is  increased  by  locating  the  rear  CD,  target 
21  cm  behind  the  front  CD,  target  and  stopping 
foil. 

A  typical  trace  from  the  TOF  detector  is  shown 
in  Fig.  3.  The  response  time  (full  width  at  half 
maximum)  of  this  detector  is  4  ns,  and  its  output 
is  linear  to  15  V.  Bremsstrahlung  from  the  diode 
saturates  the  detector,  but  the  neutron  pulses 
are  TOF  delayed  and  resolved  about  260  ns  after 
the  bremsstrahlung  pulse.  Measurements  with 
just  a  front  or  a  rear  CD,  target  confirm  that  this 
neutron  response  is  the  superposition  of  neutrons 


FIG.  3.  Neutron  TOF  trace  measured  with  a  Mylar 
stopping  foil  and  spherical  diode. 
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from  the  front  target  (first  neutron  pulse)  and  the 
back  target  (second  neutron  pulse),  respectively. 
The  bremsstrahlung  tail  has  been  subtracted  from 
the  neutron  signal  shown  in  the  inset.  Since  the 
neutron  output  is  maximum  at  peak  ion  power,  the 
time  interval  becween  peak  ion  power  and  the 
peak  of  the  first  neutron  pulse  determines  the  neu¬ 
tron  energy’  from  the  front  CD,  target  and,  by 
kinematics,  the  incident  deuteron  energy.  The 
deuteron  energy  is  determined  from  the  neutron 
energy  and  neutron  emission  angle  relative  to  the 
deuteron  direction.  For  planar  (spherical)  diodes, 
this  angle  ranges  from  0s  to  about  10°  (40°)  from 
the  target  normal  so  that  an  average  angle  of  5’ 
(20s)  is  used.  A  small  correction  5  b)  is  made 
to  the  neutron  TOF  for  the  TOF  of  deuterons  from 
the  anode  to  the  target.  The  time  separation  of 
the  two  neutron  peaks  provides  a  direct  measure 
of  the  deuteron  energy  loss  in  the  stopping  foil. 
This  time  interval  is  corrected  for  the  TOF  of 
deuterons  from  the  front  to  the  rear  CD,  target 
in  planar-diode  measurements. 

Results  of  energy- loss  measurements  are  pre¬ 
sented  in  Fig.  4.  For  planar  diodes,  horizontal 
errors  of  =  0.11  MeV  arise  from  an  uncertainty 
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FIG.  4.  Comparison  of  energy-loss  measurements 
for  (ai  and  (b)  planar  and  (c)  and  Id)  spherical  diodes 
with  energy -loss  curves  calculated  for  solid  targets. 
The  triangles  are  hydrocode  results. 


of  r  4  ns  in  timing  neutron  signals  relative  to  the 
peak  ion  power.  Vertical  errors  of  *  50  keV  re¬ 
sult  from  an  uncertainty  of  =  3  ns  in  the  separa¬ 
tion  of  the  two  neutron  peaks.  For  spherical 
diodes,  the  horizontal  and  vertical  errors  include 
uncertainties  due  to  the  large  range  of  deuteron 
angles  on  target.  Cold-target  energy  losses, 
deduced  from  stopping  cross  sections3  using  the 
average  angles,  are  compared  with  the  measure¬ 
ments  in  Fig.  4.  Measured  energy  losses  are 
significantly  larger  than  cold-target  values  ex¬ 
cept  for  the  planar  diode  with  a  Mylar  target.  In 
that  case,  measurements  are  consistent  with 
cold-target  values. 

The  ion-current  density  on  target  is  required  to 
evaluate  target  heating.  Proton  beam-current 
densities  were  determined  by  measuring  K -line 
radiation  from  aluminum  targets.9  For  these 
measurements  the  anode  was  not  coated  with  CD,, 
and  the  proton  energy  was  assumed  to  be  the  deu¬ 
teron  energy  measured  by  neutron  TOF  on  simi¬ 
lar  shots.  Proton-current  densities  at  peak  power 
were  30-50  kA/cirr  for  planar  diodes  and  about 
200  kA/cm2  for  spherical  diodes  without  correc¬ 
tion  for  enhanced  proton-energy  deposition.  An 
increase  in  these  values  can  be  expected  after 
correction  for  enhanced  stopping.  For  the  energy- 
loss  measurements,  deuteron-current  densities 
were  scaled  from  these  results  using  the  meas¬ 
ured  ion  currents,  and  uncertainies  of  =  30*13  were 
assigned  to  the  values  obtained. 

The  ion  energy  loss  is  expected  to  deviate  from 
that  in  cold  matter  when  the  stopping  medium  is 
a  dense  plasma  of  significant  ionization.1'3  Varia¬ 
tion  of  the  average  ionization  (Z)  with  internal 
energy  per  gr  ( e )  for  aluminum  and  polyethyl- 
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ene  (CH,)  from  equation-of-state  tables10  is  shown 
in  Fig.  5.  It  is  assumed  that  ionization  in  Mvlar 
is  similar  to  that  in  CH,.  The  ranges  of  internal 
energ>r  per  gram  corresponding  to  the  experimen¬ 
tal  conditions  are  also  indicated,  where  75’o  of 
the  deposited  energy  is  converted  into  internal 
energy'.  This  partition  is  determined  from  hydro¬ 
code  calculations  (to  be  discussed).  The  meas¬ 
ured  deuteron  stopping  is  enhanced  [Figs.  4(b)- 
4(d)  1  when  Z  a  1  from  Fig.  5,  and  is  near  the 
cold-target  values  [Fig.  4(a)]  when  the  ionization 
is  predicted  to  be  low. 

Scaling  of  the  stopping  power  with  target  ioniza¬ 
tion  can  be  expressed3  as 

S  =B((1  -  z;Z3)lnA>  +  (Z/Za)lnAfl  (1) 

for  a  plasma  of  atomic  number  Za.  The  quantities 
8  =4>t e4.VZ3/mV2  and  A „  =2 mV'/lt  are  for  nonrela- 
tivistic  hydrogenic  ions.  The  atomic  density  of 
the  plasma  is  .V,  m  is  the  electron  mass,  and  V 
is  the  ion  velocity.  The  average  ionization  ener¬ 
gy  for  bound  electrons  (/,)  is  Z  dependent.1  The 
equivalent  quantities  for  free  electrons  are  A f 
-2>nV2/If  ana  l,-e sAd*  where  X0  is  the  plasma 
Debye  length.  For  target  conditions  in  the  pres¬ 
ent  experiment,  thermal- electron  corrections  to 
Eq.  (1)  are  negligible.  For  a  cold  target,  S  =S0, 
/,=/„,  Z  =0,  and  A0  =2 mV3/I0  so  that 

lnA,(S  -  S0)/SQ  =  (Z/ZJlniiyif)  -  ln(//Q.  (2) 

The  right  side  of  Eq.  (2)  depends  only  on  the  plas¬ 
ma  state  and  is  plotted  in  Fig.  6  against  e  for 
aluminum  at  p  =0.02  g/cm3.  This  is  the  A1  densi¬ 
ty  at  peak  power  based  on  hydrocode  calculations 
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FIG,  6.  Comparison  of  theory  and  experiment  for  the 
dependence  of  enhancement,  a5/S3  =  (S-S3)/S0,  on  in¬ 
ternal  energy  per  gram  for  aluminum. 


to  be  discussed.  The  left  side  of  Eq.  (2),  evalu¬ 
ated  from  Figs.  4(b)  and  4(d),  is  also  plotted  with 
experimental  uncertainties.  This  comparison  of 
experimental  results  with  calculated  ion-stopping 
enhancement  confirms  the  ionization  scaling  of 
Eq.  (1). 

The  energy  loss  of  deuterons  in  the  experimen¬ 
tal  targets  was  evaluated  more  precisely  by  hy¬ 
drocode  simulation  with  experimental  parameters 
and  enhanced  stopping.1  Power  on  target  versus 
time  was  based  on  diode- voltage  traces  normal¬ 
ized  to  deuteron  energies  determined  from  neu¬ 
tron  TOF  and  ion-current  traces  normalized  to 
peaks  of  50  kA/cm2  (planar  diode)  or  250  kA/cm2 
(spherical  diode).  Target  heating  was  evaluated 
for  a  50-50  mixture  of  protons  and  deuterons  in 
the  beam  based  on  experimental  measurements. 
These  calculations  indicate  that  at  peak  power, 
the  target  has  expanded  in  thickness  to  about  1 
mm  at  50  kA/cm2  and  2  mm  at  250  kA/cm2.  In 
aluminum  (Mylar)  at  peak  power,  the  electron 
temperature  is  4-5  eV  (2. 5-3. 5  eV)  at  50  kA/cm2 
and  13-17  eV  (9-11  eV)  at  250  kA/cm2.  Code- 
calculated  energy  losses  at  peak  power,  plotted 
in  Fig.  4,  agree  with  most  measurements. 

In  summary,  we  report  measurements  of  en¬ 
hanced  stopping  of  ions  in  dense  plasmas.  The 
stopping  power  of  1-MeV  deuterons  in  aluminum 
is  enhanced  by  20%  at  the  50  kA/cm2  level  and  by 
40%  at  the  250  kA/cm2  level.  For  Mylar,  the 
stopping  power  is  enhanced  by  about  45%  at  the 
higher  current  density,  but  is  consistent  with 
cold-target  stopping  at  the  lower  current  density. 
These  results  agree  with  a  model  of  ion-energy 
deposition  which  includes  stopping  by  free  elec¬ 
trons  and  the  remaining  bound  electrons  in  the 
target. 
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4.0  PLASMA  EROSION  -OPENING  SWITCHES 

The  work  with  plasma  erosion  opening  switches  (PEOS) 
first  began  with  the  Aurora  experiments  where  scaling  of  PRD 
operation  to  high  voltage  was  being  tested.  At  that  time 
the  PEOS  were  being  used  simply  to  suppress  the  prepulse. 
It  was  realized,  however,  that  a  fast  opening  switch  used  in 
conjunction  with  inductive  storage  could  provide  pulse 
compression  and  power  multiplication  for  many  existing 
state-of-the-art  pulsed  power  generators.  The  development 
of  this  new  technology  could  have  many  applications,  the 
most  obvious  and  immediate  one  being  a  short  pulse  option 
(10-20  ns)  for  PBFA-I  and  PBFA-II,  Another  obvious 
application  would  be  to  provide  a  short  duration  high  power 
Bremsstrahlung  source,  possibly  using  the  series  diode 
discussed  previously  if  low  energy  is  required.  With  this 
potential  in  mind.  A  serious  program  began  to  develop  the 
PEOS. 


The  search  for  reliable  opening  switches  for  inductive 
energy  storage  devices  or  other  pulse  power  applications  has 
gone  on  for  many  years.  Developments  in  explosive  switching 
and  wire  fuse  technology  have  been  encouraging,  but  do  not 
provide  sufficiently  fast  opening  times  (~10  ns)  to  compete 
with  capacitive  pulse  line  systems.  Moreover,  they  suffer 
significant  joule  heating  losses  and  must  be  physically 
replaced  after  each  shot.  The  new  experimental  program  at 
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NRL  with  JAYCOR  participation  has  focused  on  the  use  of 
plasma  columns  as  opening  switches.  Such  PEOS ' s  have  been 
employed  on  several  experimnts  to  date  at  Sandia  National 
Laboratories  (SNL),  Physics  International  and  the  Naval 
Research  Laboratory  (NRL).  These  experiments  used  PEOS 1 s  to 
insulate  diode  loads  from  prepulse  effects  to  sharpen  the 
beam  risetime,  and  to  improve  pinch  formation.  Present 
experiments  at  NRL  are  aimed  at  understanding  the  conduction 
and  opening  mechanisms  of  these  switches. 

This  Plasma  Erosion  Opening  Switch  (PEOS)  utilizes  an 
injected  carbon  plasma  to  conduct  large  currents  (~  1  MA) 
for  up  to  100  ns  while  a  vacuum  inductor  (~  100  nH)  is 
charged.  The  switch  is  then  capable  of  opening  on  a  short 
(~  10  ns)  timescale  and  depositing  the  the  stored  energy 
into  a  load  impedance.  Output  pulse  widths  and  power  levels 
are  determined  by  the  storage  inductance  and  the  load 
impedance . 

The  switch  operation  has  been  studied  in  some  detail 
both  analytically  and  experimentally.  The  opening  process 
depends  on  properties  of  the  injected  plasma,  the  switch  and 
inductive  store  geometry  the  input  voltage  waveforms  and  the 
load  impedance.  An  analytic  model  of  the  switch  operation 
which  incorporates  these  factors  has  been  developed.  This 
model  has  been  used  in  conjunction  with  a  transmission  line 
code  for  comparison  with  experimental  results  and  shows  good 


agreement . 


The  theoretical  model  includes  effects  due  to  injected 
plasma  drift  motion,  surface  erosion  and  the  self-consistent 
magnetic  field.  Once  a  voltage  is  applied  across  the  switch 
plasma,  an  anode-cathode  gap  opens  and  bipolar  electron  and 
ion  current  flow  is  established.  When  ion  current  is  drawn 
out  of  the  plasma  faster  than  the  plasma  drift  can  supply 
ions,  the  surface  is  eroded  away  causing  the  gap  to  open 
further.  This  erosion  is  enhanced  by  magnetic  bending  of 
the  electron  trajectories  when  the  critical  current  is 
reached.  Eventually  enough  current  switches  to  the  load  to 


completely 

insulate  the 

electron 

flow  and  the 

enhanced 

erosion  ceases.  The 

JxB  force 

on  the 

plasma 

is  also 

important 

to  consider. 

Since 

rapid 

magnetic 

field 

penetration  into  the  plasma  due  to  anomalous  resistivity 
occurs  on  the  same  timescale  as  other  processes  occurring  in 
the  switch,  its  effects  have  also  been  studied,  however 
enhanced  erosion  seems  to  be  the  dominate  mechanism  in 
causing  the  rapid  opening. 

Experiments  have  been  performed  at  the  5  kJ  stored 
energy  level  on  the  Gamble  I  generator  and  at  the  50  kJ 
level  on  the  Gamble  II  generator.  Results  from  both 
experiments  provide  scaling  of  switch  operation.  Future 
plans  call  for  fielding  experiments  on  still  higher  power 
accelerators  including  PBFA-I  and  P3FA-II  at  Sandia  National 
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Laboratories.  Experiments  on  NRL's  Gamble  I  and  Gamble  II 
generators  have  shown  low  impedance  conduction  times  of  up 
to  60  nsec  followed  by  opening  times  of  <  10  nsec.  The 
switch  has  conducted  up  to  1  MA  before  opening  at  switch 
current  densities  of  <8  kA/cm^ .  Voltage  stand-off  of 
greater  than  500  kV/cm  has  been  demonstrated.  Inductive 
energy  storage  has  been  demonstrated  with  3x  pulse 
compressions  an  ~5x  power  multiplications. 

Other  experiments  were  designed  to  characterize  the 
initial  injected  plasma,  i.e.,  density  distribution, 
species,  and  temperature.  Experiments  have  been  carried  out 
using  the  Gamble  I  generator  (~0.9  MV,  ~0.25  MA)  to  identify 
some  of  the  important  physical  mechanisms  responsible  for 
the  observed  switch  behavior.  Of  particular  interest  are 
electrode  effects,  JxB  driven  gross  plasma  motion,  and  the 
rate  and  extent  of  magnetic  field  penetration.  Diagnostics 
included  streak/framing  camera  photography,  Faraday  cups, 
time  and  space  resolved  spectroscopy,  Rogowski  loops, 
electric  probes,  time  and  space  resolved  x-ray  measurements 
in  the  few  keV  range  and  internal  magnetic  field  probes. 

The  results  indicate  that  the  plasma  is  injected  at  ~7 

13  -3 

cm/ys,  with  a  peak  in  density  of  ~10  cm  and  a 
temperature  of  **1-5  eV.  There  appears  to  be  an  intense 
plasma-wall  interaction  at  the  swiuch  electrode  surfaces 
with  neutrals  being  generated.  Also,  there  is  evidence  that 
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the  magnetic  field  penetrates  into  the  plasma  much  faster 
than  what  is  predicted  classically. 

This  program  has  progressed  rapidly  and  with  great 
success.  Many  of  the  technical  details  not  discussed  in 
this  summary  can  be  found  in  the  reports  that  follow. 


I 


Page  4 . 6 


4 . 1  List  of  Reports  on  Switch  Physics 
4 . 1 .a  Contributed  Papers 


1.  "Small  Diameter  Pinch-Reflex  Diode  Behavior  with 
Plasma  Erosion  Switch  Beam-Front  Sharpening, "  W. 
F.  Oliphant,  H.  U.  Karow,  S.  J.  Stephanakis, 
R.  A.  Meger,  Shyke  A.  Goldstein  and  G. 
Cooperstein,  1981  IEEE  International  Conf.  on 
Plasma  Science,  (Santa  Fe,  NM,  May  1981),  p.  81. 


2.  "Plasma  Opening  Switch  Research  at  NRL,  "  R.  A. 
Meger,  R.  J.  Commisso,  A.  T.  Drobot  and  Shyke 
A.  Goldstein,  1982  IEEE  International  Conf.  on 
Plasma  Science,  (Ottawa,  Canada,  May  1982),  p.  4. 


3.  "An  Inductive  Store/Pulse  Compression  Experiment 

Using  Plasma  Opening  Switches,"  R.  A.  Meger,  R. 
J.  Barker,  R.  J.  Commisso,  G.  Cooperstein, 
Shyke  A.  Goldstein,  J.  M.  Neri  and  P.  F. 
Ottinger,  Bull.  Am.  Phys.  Soc .  27\  991  (1982). 

4.  "Plasma  Source  Development  for  Plasma  Opening 
Switches,"  J.  M.  Neri,  R.  J.  Commisso  and  R. 
A.  Meger,  Bull.  Am.  Phys.  Soc.  27  1054  (1982). 


5.  "Scaling  Experiment  on  Plasma  Opening  Switches  for 
Inductive  Energy  Storage  Applications,"  R.  A. 
Meger,  J.  R.  Boiler,  R.  J.  Commisso,  G. 

Cooperstein,  Shyke  A.  Goldstein,  J.  M.  Neri,  P. 
F.  Ottinger,  T.  J.  Renk,  J.  D.  Shipman,  Jr., 

S.  J.  Stephanakis,  F.  C.  Young,  and  B.  V. 
Weber,  1983  IEEE  International  Conf.  on  Plasma 
Science,  (San  Diego,  CA,  May  1983). 


6.  "Theoretical  Modeling  of  the  Plasma  Opening 
Switch,"  P.  F.  Ottinger,  Shyke  A.  Goldstein,  R. 
A.  Meger,  and  S.  McDonald,  1983  IEEE 
International  Conf.  on  Plasma  Science,  (San  Diego, 
CA,  May  1983). 


7.  "Plasma  Opening  Switch  Studies,"  J.  M.  Neri,  R. 
J.  Commisso,  Shyke  A.  Goldstein,  R.  A.  Meger, 
P.  F.  Ottinger,  3.  V.  Weber  and  F.  C.  Young, 
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1983  IEEE  International  Conf.  on  Plasma  Science, 
(San  Diego,  CA,  May  1983). 


4 . 1 .b  Unpublished  Technical  Reports 


1.  "Vacuum  Inductive  Store/Pulsed  Compression 
Experiments  on  a  High  Power  Accelerator  Using 
Plasma  Opening  Switches"  R.  A.  Meger,  R.  J. 
Commisso,  G.  Cooperstein  and  Shyke  A.  Goldstein, 
NRL  Memorandum  Report  5037  (March,  1983). 


4.1.c  Published  Papers 


1.  "Pulse  Compression/Power  Multiplication  Experiments 
Using  Plasma  Erosion  Switches,"  R.  A.  Meger,  R. 
J.  Commisso,  G.  Cooperstein  and  Shyke  A. 
Goldstein,  to  be  published  in  Appl.  Phys.  Lett. 


m 


307  Small  Diameter  Pinch-Reflex  l lode  Behavior  with 
Plasma  Erosion  Switch  3eam  Front  S!  omening, . * 

W.  F.  OLIPHANT,  H.  U.  KAROU'T .  S.  J.  STEPILANAKIS , 

R.  A.  MECER*  ,  SHYKE  A.  GOLDSTEIN,  G.  COOPERSTEI.'i,  Naval 
Research  laboratory  —  Experiments  are  beinR  performed  on 
small  diameter  (~  1  cm)  low  impedance  (1-4  0)  pinch 
reflex  ion  diodes  in  order  Co  increase  die  ion  source 
current  densicy  to  ~  10^  A/cm^.  Previous  unpublished 

experimental  results  and  theoretical  calculations 
suggest  that  the  very  large  azimuthal  self-magnetic 
fields  associated  with  these  small  diameter  geometries 
may  retard  anode-cachode  gap  closure  due  to  plasma 
motion,  this  should  allow  the  diode  impedance  to  hold 
up  for  the  duration  of  the  pulse  (~  SO  nesc)  even  at 
very  small  anode-cachode  gaps  1  mm)  with  beam  voltages 
of  —  10b  volts.  However,  this  effect  requires  azimuth- 
ally  symmetric  cathode  turn  on  and  symmetric  electron 

and  ion  flow.  One  method  used  previously*’2  co 
eliminate  prepulse,  sharpen  beam  voltage  risetime,  and 
to  symmetrize  pinch  beam  diodes  1s  to  use  plasma  erosion 
switches.  Preliminary  experiments  using  such  switches 
on  the  Gamble  I  accelerator  will  be  described.  Diode 
impedance  characteristics  will  be  presented  for^tha 
small  diameter  pinch-reflex  Ion  diode  with  and  without 
plasma  erosion. 

‘Work  supported  by  the  Defense  Nuclear  Agency  and 
the  Department  of  Energy 

‘Karlsruhe  Nuclear  Research  Institute,  Karlsruhe,  West 
Germany 

*JAYC0R,  Inc.,  Alexandria,  VA  22304 

*C.  W.  Mendel,  Jr.,  and  S.  A.  Coldseein,.  J.  of  App.  Phys. 
48,  1004  (1977). 

2?.  C.  Young,  ec  d,  Bull.  Am.  Phys.  Soc.  25,  399  (1980). 


lAlft  Plasma  Ooenlnq  Switch  Research  at  URL  .  R.  A 
MEGER*.  R.  J.  fOMiTlSSO*,  G.  CDUPESbTt  1 N,  A.  T. 

DR080T**,  SHYKE  A.  GOLDSTEIN*.  Naval  Research 
Laboratory,  Washington,  DC  20375--The  searen  for 
'reliable  opening  switches  for  inductive  energy  storage 
devices  or  other  pulse  power  applications  has  gone  on 
for  a any  years.  Developments  in  explosive  switching 
and  wire  fuse  technology  have  been  encouraging*  but  do 
not  provide  sufficiently  fast  opening  times  (-  10  ns) 
to  compete  with  capacitive  pulse  line  systems. 

Moreover,  they  suffer  significant  joule  heating  losses 
and  must  be  physically  replaced  ifter  each  shot.  A  new 
experimental  program  at  NRL  has  * ocused  on  the  use  of 
plasma  columns  as  opening  switches.  Such  Plasma 
Erosion  Switches  (PES’s)  have  been  employed  on  several 
experiments  to  date  at  Sandia  National  Laboratories  • 
(SNl),  Physics  international and  the  N3val  Research 
Laboratory5  (NRL).  These  experiments  used  PES’s  to 
insulate  diode  loads  from  prepulse  effects,  to  sharpen 
the  beam  risetime,  and  to  improve  pinch  formation. 
Present  experiments  at  NRL  are  aimed  at  understanding 
the  conduction  and  opening  , mechanisms  of  these 
switches.  Eventually  they  will  be  used  to  current 
charge  a  vacuum  inductor  at  low  power  and  then  to 
extract  this  energy  at  a  significantly  higher  power 

level.  .  , 

All  experiments  to  date  have  used  a  carbon  plasma 
gun  developed  by  Mendel  and  coworkers  at  SNL3  which 
produces  carbon  plasmas  of  up  to  1014  cm"  densities 
over  volumes  of  l-2x!0J  cm3.  Several  guns  have  been 
mounted  on  the  Gamble  1  accelerator  at  NRL.  The 
effects  of  plasma  density,  plasma  injection  timing  and 
geometry,  output  load  impedance,  and  accelerator 
voftage  and  polarity  on  the  switch  opening  are 
presently  under  study.  The  hardware  allows  changes  to 
be  made  in  the  accelerator  pulse  length  and  in  the 
vacuum  inductance  of  the  transmission  line  or  lumped 
element  load  inductance  in  order  to  investigate 
inductive  energy  storage  appl ications.  In  conjunction 
with  this  work  a  computer  simulation  using  a  2-0  fully 
electromagnetic  particle  code  is  being  performed. 

Preliminary  results  to  be  discussed  have  shown 
that  a  plasma  oallast  region  outside  the  switch 
supplies  a  Urge  fraction  of  the  charge  transfered  ^ 
during  the  conduction  and  opening  phases  of  the  Switch 
operation.  This  region  appears  to  be  charging  up  to 
some  voltage  like  a  plasma  c3oacitor.  Thus  far  switch 
opening  times  nave  been  limited  to  -  20  ns  by  wnat  may 
be  geometry  related  effects  where  the  opened  switen 
impedance  remains  comparable  to  the  load  impedance.  ip 
to  10  mCoul  of  charge  from  the  accelerator  pulse  has 
been  diverted  in  present  experiments.  Magnetic 
insulation  effects  also  aop ear  to  contribute  to  the 
opening  action  with  switch  electrons  joining  the  diode 
electron  flow. 

*  Work  supported  by  the  Defense  hue1  ear  ger,cy  _ 

*  Present  address:  JA'CCR,  Inc.,  A1  a«  sn.v  i  • ,  •'  , 
#*Present  address:  Science  ’-ppl  i  cat  l  ..si  > .  ....  c_em 

VA.  __  ] 

*  D.  Conte,  et.al.,  2nd  IEEE  tnt.  Rulsed  Pav.er  Conf., 

„  Lubbock,  TX  (1979).  , 

2  P.  Miller,  J.  ri.  °oukey ,  T.  p.  Wrignt,  RRL  1_*.  94( 

,  (1975).  ,  ... 

2  C.  W.  Mendel,  Jr.,  S.  Goldstein,  icur.  or  -ppl. 


Phys.  43_,  1004  (1  97  7). 

4  R.  Strmgfield,  et.  a! 
«  (1981). 

5  F.  C.  Young,  et.  al . , 
(1980). 

6  C.  W.  Mendel ,  et.al . , 
(1980). 


.  ,  J.  Appl .  Phys.  _52,  1273 
3ull.  Vi.  chy s .  Soc.  _25_,  399 
Rev.  Sc i .  Instrum.  51,  1341 


Experiment  Using  Pljsmu  Openinq  Switches.*  S.A. 
HEGcR**,  R.J.  3ARK.ER* - .  R.J.  diMMlS'iG”',  G. 
COOPERSTEIN,  SHYKE  A.  GOLDSTEIN**,  J.M.  NER!**,  and 
P.F.  QTT1NGER**,  Naval  Research  Laboratory-.PIasma 
erosion  switches  nave  seen  used  ror  prepulse 
suppression  and  risectraa  sharpening  on  pulsed-power 
generators  at  several  labs  Including  Sandta,  Physics 
Int. ,  NHL,  and  Maxwell  Laos.  Wort  is  presently 
underway  to  extend  their  use  to  Inductive  storage. 
Experiments  on  URL's  Gamble  I  and  Gamble  I!  generators 
have  shown  law  impedance  conduction  times  of  up  to  GO 
nsec  followed  by  opening  times  of  <  10  nsec.  The 
switch  has  conducted  up  to  500  kA  ffefore  opening  at 
switch  current  densities  of  <  3  kA/cm2.  Voltage 
stand-off  of  greater  than  500  '*V/cm  has  been 
demonstrated.  Inductive  energy  storage  has  been 
demonstrated  with  3x  pulse  compressions  and  -  5x  power 
multiplications.  An  analytic  model  has  been  developed 
and  coupled  to  a  transmission  line  code  in  order  to 
investigate  switch  operation  and  a  PIC  simulation  is 
being  used  to  study  the  opening  process.  Results  will 
be  presentedi 

•Work  supported  by  the  Oefense  Nuclear  Agency 

»*JAYC0R,  Inc.,  Alexandria,  YA  20305 


4S  1  Plasma  Source  Development  for  Plasma  Opening 
Switches*  TKI  her  1** .  jt.j.  cawrtS&H."  and  a. A. 
HEGER**,  Naval  Research  Laboratory — Caroon  plasma  guns 
af  the  type  developed  by" Mendel 4  nave  been  studied  for 
use  in  plasma  erosion  switches.2  Parameters  of 
Interest  for  this  application  include  the  plasma 
density,  species,  drift  velocity  and  co-moving  neutral 
particle  density  distribution.  Diagnostic  techniques 
.include  biased  Faraday  cups,  electrpstatic  energy 
analysis,  and  spectroscopy.  Measurements  show  a  drift 
velocity  of  «•  107  c.m/sec,  and  charge  densities 
af  -  lOTA/cm3  produced  oy  the  plasma  guns.  Attempts 
to  Improve  the  uniformity  and  reproductibi 1 ity  of  the 
carbon  plasma  will  be  reported.  Experiments  on 
plasma-wall  interactions  with  regard  to  ion 
reflection,  recombination  and  sticking  as  they  affect 
application  to  plasma  erosion  switches  will  be 
discussed. 

*  work  supported  by  the  Oefense  fkiclear  Agency. 
••JAYCQR,  Inc.,  Alexandria,  VA  20305 

1  C.'R.  Mendel  and  S.A.  Goldstein,  J.  Appl.  Phys.  AS, 
1004  (1977). 

2  R.A.  Meger,  et.al.,  this  conference. 


Scaling  Experiments  on  Plasma  Opening  Switches 
for  Inductive  Energy  Storage  Applications*,  R.A. 

Meger*',  J.R.  Boiler,  R.J.  Commisso*' ,  G.  Cooperstein, 
Shyke  A.  Goldsteina',  J.M.  Neria),  P.F.  Ottinger3',  T.J. 
Rank  J.D.  Shipman,  Jr.c\  S.J.  Scephanakis,  F.C. 
Young,  and  B.V.  Weber3',  Naval  Research  Laboratory, 
Washington,  DC  20375 

A  new  type  of  fast  opening  switch  for  use  with 
pulsed  power  accelerators  has  been  developed.  Thiu 
Plasma  Opening  Switch  (POS)  utilizes  an  injected  carbon 
plasma  to  conduct  large  currants  t(«*  1  HA)  for  up  to  100 
ns  while  a  vacuum  inductor  (~  100  nH)  is  charged.  The 
switch  is  then  capable  of  opening  on  a  short  (~  10  ns) 
timescale  and  depositing  the  stored  energy  into  a  load 
'impedance..  Output  pulse  widths  and  power  levels  are 
determined  by  the  storage  inductance  and  the  load 
impedance.. 

The  switch  operation  has  been  studied  in  detail  " 
both  analytically^  and  experimentally . ^ The  opening 
process  depends  on  properties  of  the  injected  plasma, 
the  switch  and  inductive  store  geometry,  the  input 
voltage  waveforms  and  the  load  impedance.  An.  analytic'  . 
model  of  the  switch  operation  which  incorporates  these 
•factors  has  been  developed.  This  model  has  been  used  in 
conjunction  with  a  transmission  line  code  for  comparison 
with  experimental  results. 

Experiments  have  been  performed  at  the  5  kJ  stored' 
energy  level  on  the  Gamble  I  generator  and  at  the  50  kJ 
level  on  the  Gamble  II  generator.  Results  from  both 
experiments  will  be  reported  and  the  scaling  of  switch 
operation  discussed.  Future  plans  call  for  fielding 
experiments  on  still  higher  power,  accelerators  including 
PBFA  I  and  PBFA  II  at  Sandia  National  Laboratories. 

*  Work  supported  by  the  Defense  Nuclear  Agency,  the 
Department  of  Energy  and  Sandia  National  laboratories. 
'JAYC0R,  Inc.,  Alexandria,  Va.  22304 
^NRL/MRC  Cooperative  Research  Associate 
°'Sachs/Freeman  Associates,  Bowie,  MD  20715 
R.A.  Keger,  R.J.  Commisso,  G.  Cooperstein,  Shyke  A. 
Goldstein,  NRL  Memorandum  Report  No.  5037,  1983,  also 
submitted  to  Appl.  Phys.  Lett.,  January  1983. 

1  P.F.  Ottinger,  Shyke  A.  Goldstein,  R.A.  Meger,  S. 
McDonald,  abstract,  this  conference. 

J.M.  Neri,  et.al.,  abstract,  this  conference. 


Theoretical  Modeling  of  the  Plasma  Opening 
Switch!,  P.F.  Ottinger*,  Shyke  A.  Goldstein*,  rTaT,  * 
Meger*,  and  S.  McDonald**,  Naval  Research  Laboratory, 
Washington,  DC  20375  —  Recent  experiments  at  NRL  have 
demonstrated  that  plasma  can.  be  used  as  the  switching 
medium  in  a  fast  opening  switch.*  Pulsed  power 
applications  for  such  switches  are  manyfold  including 
prepulse  suppression,  risetime  sharpening,  inductive 
storage  and  pulse  compression.  Each  application, 
however,  requires  individual  attention  to  geometry, 
plasma  parameters,  timescales,  etc.  Here  theoretical 
modeling  of  the  basic  physical  mechanisms  involved  in 
the  opening  process  will  be  described.  Emphasis  will  be 
placed  on  relating  the  model  t'o  new  experiments  at 
URL.2 

*  . 

The  theoretical  model  includes  effects  due  to 
injected  plasma  drift  motion,  surface  erosion  and  the 
self-consistent  magnetic  field.  Once  a  voltage  is 
applied  across  Che  switch  plasma,  an  anode-cathode  gap  . 
opens  and  bipolar  electron  and  ion  current  flow  is 
established.  When  ion  current  is  drawn  out  of  the 
plasma  faster  than  the  plasma  drift  can  supply  ions,  the 
surface  is  eroded  away  causing  the  gap  to  open 
further.  This  erosion  is  enhanced  by  magnetic  bending 
of  the  electron  trajectories  when  the  critical  current 
is  reached.  Eventually  enough  current  switches  to  the 
load  to  completely  insulate  the  electron  flow  and  the 
enhanced  erosion  ceases.  The  JxB  force  on  the  plasma  is 
also  important  to  consider.  Since  rapid  magnetic  field 
pe.--v.ration  into  the  plasma  due  to  anomalous  resistivity 
occurs  on  the  same  timescale  as  other  processes 
occurring  in  the  switch,  its  effects  are  also  studied. 

The  importance  of  various  aspects  of  the  model  will 
be  discussed  and  scaling  laws  will  be  presented. 
Comparison  of  the  model  with  specific  experimental 
results ’will  also  be  presented  by  incorporating  the 
switch  physics  into  a  transmission  line  code. 

t  Work  supported  by  the  Department  of  Energy,  the 
Defense  Nuclear  Agency,  Sandia  National  Laboratory 
.  and  the  University  of  Maryland/Navsl  Research 
Laboratory  Joint  Program  in  Plasma  Physics. 

*  JAYCOR,  Inc. ,  Alexandria,  VA  22304 
**  University  of  Maryland,  College  Park,  MD  20742 

^  R.A.  Meger,  R.J.  Commisso,  G.  Cooperstei” ,  and  Shyke 
A.  Goldstein,  NRL  Memorandum  Report  No.  o037,  1933; 
also  submitted  to  Appl.  Phys.  Lett. 

R.A.  Meger,  et  al, ,  these  proceedings;  J.M.  /' 
al. ,  these  proceedings. 
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Plasma  Q&enxtvJ  Switch  Studies  t,  S.  M .  he  ri  f ,  R .  J  «  * 
Commisso*,  Shy  Ice  A.  Goldstein’',  R.A.  Meger*,  P.F. 
Octinger*,  B.V,  Weber*,  and  F.C.  Young,  Naval  Research 
Laboratory,  Washington,  DC  20375  —  Plasma  has  been 
successfully  used  as  a  switching  medium  in  several 
particle  beam  generators.  The  injected  plasma  serves  as 
a  short  circuit  that  effectively  isolates  the  load  from 
the  generator  for  some  period  of  time.  After  this  time 
the  plasma  acts  as  a  fast  opening  switch,  diverting  the 
generator  pulse  to  the  load  on  a  short  timescale, 

^  5  ns.  Depending  on  the  length  of  time  the  switch 
remains  closed  (short  circuit) ,  it  can  simply  serve  to 
suppress  prepulse1  or  it  can  act  as  an  opening  switch  _n 
inductive  storage-pulse  compression  applications.2 

We  report  here  on  experiments  designed  to 
characterize  the  initial  injected  plasma,  i.e.,  density 
distribution,  species,  and  temperature.  Experiments  are 
also  being  carried  out  using  the  Gamble  I  generator 
(~0.9  MV,  -0.25  MA)  to  identify  some  of  the  important 
physical  mechanisms  responsible  for  the  observed  switch 
behavior.  Of  particular  interest  are  electrode 
effects,  JxB  driven  gross  plasma  motion,  and  the  rate  v  . 
and  extent  of  magnetic  field  penetration.  Diagnostics 
include  streak/framing  camera  photography,  Faraday  cups, 
time  and  space  resolved,  spectroscopy,  Rogowski  loops, 
electric  probes,  time  and  space  resolved  x-ray 
measurements  in  the  few  keV  range,  and  internal  magnetic 
field  probes. 

The  initial  results  indicate  that  the  plasma  is 
injected  at  ~  7  cm/ys,  with  a  peak  ion  density  of 
-  1013 

cm-3  and  a  temperature  of  ~  1.  eV.  There  appears 
to  be  an  intense  plasma-wall  interaction  at  the  switch 
electrode  surfaces  with  neutrals  being  generated.  Also, 
there  is  evidence  that  the  magnetic  field  penetrates 
into  the  plasma  much  faster  than  what  is  predicted 
classically. 

Experimental  results  will  be  interpreted  in  the 
context  of  a  theoretical  model  that  includes  gross 
plasma  motion,  nicroturbulenca,  magnetic  field  effects 
and  other  opening  switch  physics.3 
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VACUUM  INDUCTIVE  STORE/PULSE  COMPRESSION  EXPERIMENTS  ON  A 
HIGH  POWER  ACCELERATOR  USING  PLASMA  OPENING  SWITCHES 

1.  Introduction 

The  use  of  inductive  energy  storage  for  pulsed  power  proauction  is  of 
great  interest  to  accelerator  designers.  Inductive  storage  offers  the 
significant  advantage  of  10  -  100  times  higher  energy  density  than 
conventional  capacitive  storage  systems,  thus  making  more  compact  and 
economical  generators  possible*.  Energy  can  be  stored  in  an  inductor  at  low 
voltage,  relaxing  insulator  design  requirements  and  extracted  on  a  shorter 
time  scale  at  a  higher  power  level.  Present  opening  switch  technology 
involves  the  use  of  explosively  activated  circuit  breakers,^  wire  fuses, *’3,4 
electron-beam  (e-beam)  controlled  diffuse  discharges,^  and  various  injected 
plasma  schemes.^  In  this  paper  we  report  experiments  with  a  new  type  of 
opening  switch  which  operates  on  a  nanosecond  timescale.  These  Plasma  Opening 
Switches  (POS's)  are  used  in  conjunction  with  a  vacuum  inductor  and  open  on  a 
<10  nsec  timescale.  Similar  techniques  have  been  used  previously  for 
suppression  of  prepulse  and  steepening  of  pulse  risetime  on  high-pcwer 
generators^ »° ^ »*^  as  well  as  in  plasma  filled  diode  experiments.**  The  work 
discussed  here  is  directed  at  storing  energy  in  a  vacuum  inductor  and  then 
extracting  this  energy  on  a  shorter  time  scale  through  a  low  inductance,  high 
impedance  load  thereDy  pulse  compressing  and  increasing  the  output  power 
level.  Results  show  the  switch  remains  closed  for  up  to  70  nsec  as  the  vacuum 
inductor  is  charged.  Tne  switch  then  opens  in  <10  nsec  and  most  of  the  energy 
in  the  inductor  is  delivered  to  an  e-beam  diode  load.  Voltage  pulse 
compressions  of  a  factor  of  3  and  power  multiplications  of  up  to  a  factor  of  4 
over  non-POS  shots  have  been  measured.  A  model  of  the  switch  opening  is 
described  which  qualitatively  agrees  with  the  data. 

Manuscript  approved  January  5, 1983. 


2.  Apparatus 


In  these  experiments  the  Gamble  I  accelerator^  was  used  to  charge  a 

coaxial  vacuum  inductor  section.  A  66-'<V  charging  voltage  was  used  to  provide 

a  negative  1-MV,  60  nsec  ful 1 -wi dtn-at-hal f-maximum  (FWHM)  sinusoidal  open 

circuit  voltage  waveform  with  an  effective  2-0hm  source  impedance.  Figure  la 

is  a  schematic  of  the  inductor  section  as  mated  to  the  Gamble  I  accelerator. 

Figure  lb  is  an  equivalent  circuit  diagram  of  the  system.  The  experimental 

hardware  consists  of  three  main  components:  a  40-cm  long,  100-Qhm  coaxial- 

vacuum  inductor;  a  switch  section;  and  an  e-beam  diode  section. 

The  ~  140-nH,  high  impedance  vacuum  inductor  section  and  the 

~  30-nH  insulator  region  combine  to  produce  the  storage  inductance 

L$  ~  175  nH  .  The  2.5-nsec  electrical  length  inductor  looks  like  a  high 

impedance  lumped  element  load  to  the  2-0hm  output  impedance  accelerator, 

limiting  the  energy  transferred  into  the  inductor.  At  56-kV  charge  Gamble  I 

can  store  250  kA  or  6  kJ  in  the  inductor.  To  the  right  (downstream)  of  the 

inductor  in  Fig.  la  is  the  opening  switch  region.  Three  plasma  guns1^  located 

12  cm  off  axis  inject  carbon  plasma  through  a  10-cm  diam.  brass  screen  toward 

the  inner  5-cm  diam.  cathode  support  stalk  surface  (see  Fig.  la).  The  plasma 

2 

strikes  the  cathode  surface  over  a  ~50  cm  area.  The  measured  plasma  density 

1 9  _  3 

distribution  has  a  peak  density  of  ~  5x10  u  cm  and  moves  with  a  drift 
velocity  of  7.5  cm/usec. ^  Measurements  of  the  density  distribution  have 
shown  spatial  fluctuations  as  high  as  25%  for  these  guns.  The  gun  plasma  has 
been  reported*^  to  be  comprised  of  C+,  C^+,  0^,  C^~  and  H"1"  with  C+  and  C“'L 
dominating.  Also,  a  neutral  carbon  component  with  a  velocity  of 
~  1  cm/usec  has  been  observed  in  the  switch  region  arriving  after  the 
plasma.  No  allowance  for  plasma  stagnation  near  the  outer  screen  and  on  the 
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Fig.  1  —  (a)  A  schematic  of  the  Gamble  I  plasma  opening  switch  experiment,  (b)  Circuit  of  the  experiment. 
Vqq  is  the  open  circuit  voltage  waveform,  Rq  is  the  2  ohm  accelerator  impedance,  Lg  is  the  inductor,  and  Rl  is  the 
load  impedance. 


<*  3 
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inner  cathode  surface  was  made  in  these  experiments.  Tne  plasma  density  in 
the  switch  region  can  be  varied  by  changing  the  radial  location  of  the  gun  and 
the  timing  relative  to  the  accelerator  as  well  as  by  changing  the  screen 
transmission. 

Downstream  of  the  switch  region  is  a  10-cm  long,  42-Ohm  transmission  line 
segment  with  inductance  L-j  -14  nH  followed  by  the  e-beam  diode  load.  The 
diode  consists  of  a  o-mm  thick  rounded  edge,  hollow  cylindrical  aluminum 
cathode  opposite  a  1.6-mm  thick  carbon  coated  aluminum  anode.  The  diode  has  a 
critical  current  impedance  of  ~  12  Ohms  for  the  1-cm  anode-cathode  (AK)  gap 
used  in  this  experiment. 

Diagnostics  on  this  experiment  consisted  of  a  voltage  monitor  upstream 
(to  the  left  in  Fig.  la)  of  the  Gamble  I  insulator,  a  dB/dt  current  monitor  in 
the  inductor  section  labeled  I,jp  in  Fig.  la  and  a  Rogowski  type  current 
monitor  downstream  of  the  switch  region  labeled  IQN.  In  addition,  a 
photodiode  with  a  pilot-8  scintillator  was  located  on  axis  35-cm  oownstream  of 
the  anode  to  provide  time  resolved  bremsstrahlung  measurements  from  the  e-beam 
di ode. 

3.  Experimental  Measurements 

Shown  in  Fig.  2  is  experimental  data  from  two  shots,  one  with  the  POS  and 
one  without.  Tne  shots  had  nearly  identical  peak  accelerator  voltage  pulses 
of  -960  kV  across  the  inductive  store  section  as  measured  by  the  voltage 
monitor.  The  accelerator  pulse  arrived  at  the  inductor  0.5  usee  after  the 
peak  of  the  plasma  density  as  measured  by  a  Faraday  cup  at  the  (inner)  cathode 
surface.  Tne  currents  in  the  inductor  upstream  of  the  switch,  IyP ,  and 
downstream  in  the  e-beam  load  section,  are  shown  in  Fig.  2a.  Tne  two 

cases  differ  dramatically.  Without  the  POS  the  accelerator  sees  the  full 
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Fig.  2  —  (a)  Currents  upstream  I^-p  and  downstream  of  the  switch  region,  with  and  without  the  plasma  openin: 
switch,  (b)  Voltages  across  the  switch  for  the  two  cases,  (c)  Switch  impedance  Zg^y  with  the  POS  and  load  imped 
ance  Zr  with  and  without  the  POS. 


190  nH  inductance  (inductive  store  plus  transmission  line)  in  series  with 

the  ~  12  ohm  e-beam  load.  Thus  the  current  in  the  inductor  is  limited 

to  ~  80  kA  .  The  downstream  current  follows  the  upstream  current  Ijp  with 

some  current  loss  due  to  cathode  stalk  emission.  With  the  POS  the  accelerator 

sees  a  175-nH  load  inductance  into  a  short  circuit  for  about  half  of  the  pulse 

duration.  The  switch  is  closed  for  the  first  ~  50  nsec,  as  shown  in  Fig.  2a, 

during  which  time  it  acts  as  a  short  circuit,  diverting  up  to  220  kA  from  the 

load.  When  the  switch  begins  to  open,  the  downstream  current  rises  to 

~  130  kA  in  ~  6  nsec  .  The  downstream  current  risetime  when  the  D0S  opens 
13 

is  ~  2.2x10  A/sec.  An  apparent  loss  of  90  kA  occurs  in  the  switch 
region.  This  loss  is  partially  in  the  form  of  intense  beamlets  striking  the 
outer  conductor  just  downstream  of  the  switch  region  and  represents  a  shunt 
resistance  even  when  the  switch  has  opened.  The  loss  may  be  related  to  the 
geometry  of  the  short  line  downstream  of  the  switch  not  properly  retrapping 
the  switch  electron  flow. 

Voltages  across  the  switch  Vsw=VD-LsdI,jp/dt  were  computed  from  the 
measured  insulator  voltage  Vg  and  dlyp/dt  and  are  shewn  in  Fig.  2b.  The 
voltage  across  the  load  impedance  is  approximately  the  same  as  the  switch 
voltage  because  Li  <<  L$.  Without  the  POS  the  switch  voltage  peaks  at  ~  790 
kV  and  has  an  85-nsec  FWHM.  With  the  POS  the  voltage  is  held  near  zero  during 
the  conduction  phase,  then  rises  to  1.4  MV  in  ~  20  nsec.  The  FWHM  of  the 
pulse  is  ~  25  nsec.  The  FWHM  of  the  voltage  pulse  with  the  POS  is  reduced  by 
a  factor  of  three  and  the  peak  voltage  is  nearly  a  factor  of  two  higher  than 
the  shot  without  the  POS.  The  pulse  compression  and  voltage  multiplication  is 
a  result  of  the  charging  of  the  inductive  store  and  the  subsequent  extraction 
of  the  energy  on  a  shorter  time  scale.  The  effective  switch  shunting 

resistance  Zsw=  ^sw^^UP'^ ON^  and  tne  '!oad  rssis*ance  \=  vsw^DN  ‘'or  tv'° 
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cases  are  shown  in  Fig.  2c.  Without  the  POS  the  load  impedance  is  12  Ohms 
for  most  of  the  pulse.  With  the  POS,  the  switch  looks  like  a  short  during  the 
conduction  phase,  then  rises  to  an  effective  shunt  resistance  of  ~17  Ohms  when 
the  switch  opens.  The  load  impedance  is  ~  13  Ohms  during  the  output  pulse. 

Time  resolved  x-ray  signals  for  both  cases  are  shown  in  Fig.  3.  Without 
the  POS  a  ~  35-ns  FWHM,  25-V  peak  photodiode  signal  is  measured  compared  to  a 
13-ns  FWHM  pulse  and  —225  V  peak  with  the  POS.  Tne  shape  of  the  x-ray  signal 
and  the  factor  of  8  signal  increase  agrees  with  an  "  scaling  of  the 

data.^ 

The  increased  current  and  the- higher  voltage  are  corroborated  by  damage 
to  the  anode  in  these  two  cases.  Without  the  °0S  the  anode  damage  is  confined 
within  a  S-cm  diam.  circle  opposite  the  cathode.  With  the  POS  the  anode 
damage  is  confined  within  4-cm  diam.  as  would  be  expected  from  a  higher 
current  in  the  diode.  The  rear-surface  anode  spall  is  observed  to  be  twice 
as  thick  for  the  POS  case  as  without,  which  is  consistent  with  a  higher 
voltage. 

The  peak  power  into  the  switch  and  load  combination  is  0.055  TW  without 
the  POS  and  0.28  TW  with  the  POS.  The  four-fold  increase  in  peak  power 
results  from  the  higher  voltage  and  current  in  the  switch.  Tne  higher  voltage 
is  due  to  the  inductive  energy  storage  and  the  fast  opening  action  of  the 
POS.  With  the  POS  the  power  pulse  has  been  reduced  to  the  decay  time  scale  of 
the  inductor  through  the  parallel  e-beam  and  switch  load  resistances.  Another 
measure  of  power  multiplication  is  to  compare  the  peak  power  delivered  by  the 
Gamble  I  accelerator  to  a  matched  load  to  that  delivered  when  an  inductive 
store  and  POS  are  used.  The  open  circuit  voltage  waveform  was  derived  from 
the  data  in  Fig.  2.  A  transmission  line  code10  was  used  to  reproduce  the 
measured  diode  waveforms,  then  to  compute  output  waveforms  for  a  30-nH ,  2-Ohm 


load  which  represents  the  optimum  Gamble  I  load  impedance.  Peak  power  for 
this  idealized  diode  was  0.14  TW  which  is  one-half  the  measured  peak  power 
with  the  inductive  store  and  POS. 

Many  shots  were  taken  with  different  plasma  densities  in  the  switch 
region  and  with  different  timing  between  the  arrival  of  the  plasma  in  the 
switch  region  and  the  arrival  of  the  accelerator  pulse.  The  switch  opening 
was  observed  to  be  reproducible  within  the  limits  of  the  plasma  gun  and 
accelerator  pulse  reproducibility.  The  duration  of  the  conduction  phase  was 
reduced  if  the  plasma  density  in  the  switch  region  was  decreased  by  either 
moving  the  guns  further  away  from  the  inner  conductor  or  by  injecting  the  beam 
earlier  in  the  plasma  pulse.  With  such  adjustments  the  switch  could  be  made 
to  divert  only  the  leading  edge  of  the  accelerator  pulse  as  desired  for 
prepulse  suppression  or  to  divert  as  much  as  250  kA  with  the  switch  still 
opening  in  -  10  nsec.  The  conduction  time  could  also  be  changed  with 
apertures  or  attenuating  screens  in  front  of  the  guns.  If  the  accelerator 
pulse  was  delayed  more  than  one  microsecond  after  the  peak  plasma  density  at 
the  inner  conductor  or  if  too  much  plasma  was  injected,  the  conduction  period 
increased  and  the  opening  time  became  slower.  In  the  extreme  case  the  switch 
diverted  the  entire  pulse  from  the  load.  Reducing  the  accelerator  voltage 
increased  the  switch  conduction  period.  If  the  conduction  time  extended 
beyond  the  peak  inductor  current,  the  switch  opening  time  increased 
to  >  25  nsec.  An  extended  parameter  study  is  presently  being  performed  on 


4.  Opening  Switch  Model 

A  simple  model  of  the  opening  switch  operation  will  be  presented  to 
explain  the  experimental  results.  The  model  is  based  on  bipolar  flow  in  a 
Child-Langmui r  diode  and  includes  magnetic  field  effects.  The  model  consists 
of  four  phases,  each  of  which  is  treated  separately,  but  the  switch  progresses 
from  one  phase  to  the  next  as  critical  current  levels  are  reached  in  the 
switch  or  load.  The  four  phases  are  the  conduction  phase,  a  simple  bipolar- 
erosion  phase  similar  to  previous  models,®’'7  an  enhanced-erosion  phase,  and 
finally  a  magnetic-insulation  phase.  The  model  ignores  magneti c-fi el d- 
pressure  effects,  surface-physics  effects  and  neutral-background-gas  effects. 

Phase  1  of  the  switch  operation  begins  with  a  plasma  in  the  switch  region 
of  a  known  species,  density,  charge  state,  average  drift  velocity  toward  the 
cathode,  and  temperature.  The  switch  plasma  fills  the  region  uniformly  and 
strikes  a  finite  area  on  the  cathode  surface.  A  schematic  representation  of 
the  system  is  shown  in  Fig.  lb.  A  load  resistance  is  located  downstream  of 
the  switch.  The  accelerator  is  fired  and  a  voltage  appears  across  the 
inductor,  driving  current  through  the  inductor  and  switch.  As  a  finite 
voltage  appears  across  the  plasma,  a  sheath  forms  near  the  cathode.  In  this 
sheath  the  electros  are  swept  out  producing  a  planar-diode-like  gap  with  the 
cathode  surface  on  one  side  and  the  edge  of  the  plasma  on  the  other.  The  gap 
adjusts  itself  such  that  the  cathode  surface  becomes  a  space-charge-1 imited- 
electron  emitter  while  the  plasma  supplies  ions  to  the  opposite  side  of  the 
gap  producing  a  bipolar  current  flow  across  the  gap.  The  current  driven 
through  the  plasma  is  limited  by  the  accelerator  output  driving  the  entire 
system  and  by  the  series  inductor.  Ions  enter  the  gaD  due  to  their  drift 
velocity  and  the  component  of  the  ion  thermal  velocity  normal  to  the 


cathode.  In  such  a  bipolar  diode  the  ion  flux  necessary  to  maintain  the 
current  flow^  is 
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where  me,  and  y  mQc  are  the  electron  rest  mass,  ion  rest  mass,  and  maximum 
electron  energy,  respecti vely ,  and  c  is  the  speed  of  light.  Tne  total  bipolar 
current  density  is 

j  »  jg+J'i  *  (1+Vjg)  4.3xl0'6V3/2/d2  (2) 

where  V  is  the  voltage  across  the  gap  in  volts  and  d  is  the  gap  thickness  in 
cm.  For  example,  according  to  Eq.  (1)  a  C+  plasma  with  a  charge  flux  of  20 
A/cm“  as  used  in  the  experiments  is  sufficient  to  drive  almost  3  kA/cnr  in 
total  current  (electrons  and  ions)  across  the  gap.  If  the  accelerator  current 
density  through  the  switches  is  less  than  this  level  Eq.  (1)  is  satisfied  and 
the  gap  will  not  increas'  In  addition,  if  the  switch  plasma  becomes 
resistive  so  that  a  finite  electric  field  penetrates  the  plasma,  ions  can  gain 
enough  energy  on  the  beam  timescale  to  further  increase  the  charge  flux  into 
the  gap.  This  allows  more  current  to  be  driven  across  the  bipolar  gap  without 
affecting  the  gap  size.  Under  these  conditions  the  switch  impedance  remains 
low  as  observed  experimentally  during  the  conduction  period  of  switch 
operation. 

Phase  II  begins  when  the  accelerator  current  density  exceeds  the  level 
where  the  ion  flux  into  the  gap  is  sufficient  to  maintain  bipolar  flow  across 
the  plasma-gap  interface.  An  additional  ion  flux  is  provided  by  eroding  the 
plasma  thereby  opening  tne  gap.  The  increasing  gap  raises  the  effective 
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resistance  of  the  switch.  With  the  series  inductor  the  system  acts  like  a 
constant  current  source,  increasing  the  voltage  across  the  switch  impedance 
which  in  turn  increases  the  erosion  rate.  This  feedback  process  produces 
opening  velocities  of  ~  10  cm/usec  under  the  experimental  conditions  presented 
in  this  paper.  This  process  starts  the  switch  opening  but  can  open  the  gap  by 
only  1  mm  in  10  nsec.  Phase  III  begins  when  electron  trajectories  are  altered 
significantly  by  the  sel f-magneti c  field  associated  with  the  current  flow  in 
the  switch  and  the  diode  load.  This  field  bends  the  electrons  downstream  and 
they  travel  along  the  plasma  surface  for  the  length  of  the  switch  plasma. 

This  increases  the  electron  space  charge  near  the  boundary  and  enhances  the 
ion  emission  in  a  manner  similar  to  a  pinch-reflex  ion  diode. This  changes 
Eq.  (1)  into 

Ji/je  «  (ms/2M.)1/2  (Y+l)^L/d  ,  (3) 

where  L  is  the  axial  length  of  the  plasma.  For  small  gaps  this  L/d 

enhancement  factor  can  increase  the  ion  clux  by  a  large  factor.  Opening 

2 

velocities  of  ~  10  cm/usec  are  obtained  so  that  a  gap  opening  of  1  cm  in 
10  nsec  is  expected. 

As  the  switch  impedance  increases  to  the  load  impedance  and  beyond,  the 
load  begins  to  conduct  a  larger  fraction  of  the  cur  ent.  Phase  IV  begins  when 

3 

the  diode  current  exceeds  the  current  I  =  I  ,/y  *  8.5x10  3  S/d  amp  in  the 

switch  region,  where  Ic  is  the  critical  current  and  5  is  the  electron  velocity 
(normalized  to  the  speed  of  light)  at  full  voltage.  The  electrons  then  become 
magnetically  insulated  and  travel  downstream  to  the  load.  Since  the  electrons 
no  longer  cross  the  gap,  the  switch  current  becomes  that  of  a  single  species 
Chi  1 d-Langmu i r  diode  pulling  carbon  ions  out  of  the  plasma.  Its  effective 
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impedance  is  much  higher  than  for  the  bipolar  case  which  accounts  for  the 
rapid  increase  in  the  switch  impedance. 

The  simple  switch  model  described  here  has  311  the  experimentally 
observed  features.  It  allows  for  a  conduction  period  before  the  switch 
current  exceeds  the  ion  flux  criteria.  It  can  explain  the  observed  10  nsec 
opening  times  and  shows  why  the  switch  impedance  increases  when  magnetic 
insulation  in  the  switch  is  obtained.  It  does  not  explain  the  observed  losses 
at  the  downstream  end  of  the  switch  region.  Tnese  losses  most  likely  depend 
on  the  impedance  mismatch  between  the  opening  switch  and  the  downstream 
section  of  transmission  line. 


5.  Conclusion 

Experimental  results  have  been  presented  which  demonstrate  the  operation 
of  a  Plasma  Opening  Switch.  The  switch  was  shewn  to  conduct  current 
for  ~  50  nsec  while  a  vacuum  inductor  was  charged.  Tnen  the  switch  opened  in 
an  interval  of  -  10  ns  producing  a  voltage  in  excess  of  1  MV  and  delivering  a 
large  fraction  of  the  inductively  stored  energy  to  an  e-beam  diode  load.  The 
rapid  opening  is  attributed  to  enhanced  erosion  effects  in  the  switch  due  to 
the  beam's  self-magnetic  field.  The  output  voltage  pulse  was  compressed  by  a 
factor  of  three  and  increased  by  a  factor  of  two.  The  power  delivered  to  the 
load  increased  by  a  factor  of  four  compared  to  measurements  without  the  switch 
and  by  a  factor  of  two  compared  to  the  accelerator's  matched  load  peak 
power.  In  the  closed  state  the  switch  successfully  diverted  >  200  kA  of 
current.  A  current  loss  of  90  kA  observed  in  the  switch  region  may  be  related 
to  electron  losses  downstream  of  the  switch  in  the  snort  section  of  the 


transmission  line. 


A  simple  model  of  the  opening  switch  was  presented  which  agrees 
qualitatively  with  the  observed  switch  operation.  Tnis  model  suggests  further 
experiments  which  will  provide  further  insight  into  the  operation  and  improved 
design  of  such  switches. 

The  method  described  here  is  applicable  to  many  pulsed-pcwer 
accelerators.  It  offers  a  wide  range  of  applications  from  prepulse 
suppression  to  compact  inductive  energy  storage  and  power  multiplication.  The 
POS  can  lower  the  inductance  between  the  final  energy  store  and  the  load  which 
limits  the  pulse  risetime.  Applications  to  multi-line  accelerator  systems  to 
eliminate  line  to  line  jitter  are  envisioned  as  well  as  in  other  experiments 
requiring  fast  risetime,  high  power  pulses.  Future  experiments  will  focus  on 
scaling  of  the  switch  operation  to  higher  currents  and  voltages  and  a  better 
understanding  of  the  opening  process. 
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Vacuum  inductive  store/pulse  compression  experiments  on  a  high  power 
accelerator  using  plasma  opening  switches 

R.  A.  Meger,®'  R.  J.  Commisso,*'  G.  Cooperstein,  and  Shyke  A.  Goldstein*' 

Naval  Research  Laboratory,  Washington,  D.  C  20375 

(Received  17  January  1983;  accepted  for  publication  14  March  1983) 

The  first  results  of  experiments  using  plasma  opening  switches  for  inductive  energy  storage  are 
described.  The  switch  has  been  shown  to  conduct  up  to  200- kA  current  for  —  50  ns  then  to  open  in 
<  10  ns,  transferring  the  current  to  3n  electron  beam  load.  Inductive  energy  storage,  pulse 
compression,  and  power  multiplication  are  demonstrated.  A  simple  model  explaining  the  switch 
operation  is  presented. 


PACS  numbers:  52.75.Kq,  52.75.Di,  52.80.  Vp 

The  use  of  inductive  energy  storage  for  pulsed  power 
applications  is  of  great  interest.  It  offers  the  advantage  of  10- 
100  times  higher  energy  density  than  capacitive  storage  sys¬ 
tems,  making  more  compact  and  economical  generators  pos¬ 
sible.'  Present  opening  switch  technology  involves  the  use  of 
explosively  activated  circuit  breakers,2  wire  fuses,  IJ,,‘  and 
electron  beam  (e-beam)  controlled  diffuse  discharges.5  In 
this  letter  we  report  experiments  with  a  new  type  of  opening 
switch  called  a  plasma  opening  switch  (POS)  which  operates 
on  a  nanosecond  timescale.  Similar  techniques  have  been 
used  previously  for  suppression  of  prepulse  and  steepening 
of  pulse  rise  time  on  high-power  generators.6"10  In  this  ex¬ 
periment  energy  from  a  pulsed  power  accelerator  is  first 
stored  in  a  vacuum  inductor  and  then  extracted  through  a 
low  inductance,  high  impedance  load.  Results  show  the  POS 
remains  closed  for  up  to  70  ns  as  the  vacuum  inductor  is 
charged  then  opens  in  <10  ns.  Most  of  the  energy  in  the 
inductor  is  then  delivered  to  an  e-beam  diode  load.  Voltage 
increases  by  a  factor  of  2  and  power  multiplications  of  up  to  a 
factor  of  4  over  non-POS  shots  have  been  measured.  A  mod¬ 
el  of  the  switch  opening  is  described  which  qualitatively 
agrees  with  the  data. 

In  these  experiments  the  Gamble  I  accelerator11  was 
used  to  charge  a  coaxial  vacuum  inductor.  At  a  66-kV  charg¬ 
ing  voltage.  Gamble  I  provides  a  negative  1-MV,  60-ns  full 
width  at  half-maximum  (FWHM)  sinusoidal  open  circuit 
voltage  waveform  with  an  effective  2-/2  source  impedance. 
Figure  1  shows  a  schematic  of  the  experiment  and  an  equiva¬ 
lent  circuit  diagram.  The  experimental  hardware  consists  of 
40-cm-long,  100-/2  coaxial  vacuum  inductor,  a  switch  sec¬ 
tion,  and  an  e-beam  diode  section.  The  —  140-nH  high  im¬ 
pedance  vacuum  inductor  section  and  the  —  35-nH  insulator 
provide  the£s  —  175  nH  inductive  store.  The  switch  section 
contains  three  plasma  guns  of  a  type  described  elsewhere.11 
The  guns  are  located  1 2  cm  otf  axis  and  inject  a  carbon  plas¬ 
ma  (primarily  C”)  through  a  10-cm-diam  brass  screen  strik¬ 
ing  the  inner  5-cm-diam  cathode  surface  over  a  —60  cm3 
area.  The  plasma  density  has  a  peak  charge  density  of 
—  5x  1015  cm"5  and  moves  with  a  drift  velocity  of  7.5  cm/ 
/us.13  Neutrals  from  the  guns  have  a  velocity  —  1  cm/^s  and 
arrive  after  the  plasma.  Downstream  of  the  switch  region  is  a 
10-cm-long,  42-/2  transmission  line  segment  with  induc¬ 
tance  Ll  — 14  nH  followed  by  the  e-beam  diode  load.  The 
diode  consists  of  a  6-mm-thick  rounded  edge,  hollow,  cylin¬ 
drical  aluminum  cathode  located  1  cm  from  a  l. 6-mm-thick 
carbon  coated  aluminum  anode. 


Diagnostics  included  a  voltage  monitor  upstream  of  the 
Gamble  I  insulator,  a  current  monitor  in  the  inductor  sec¬ 
tion  labeled  Iu P  and  another  current  monitor  downstream  of 
the  switch  region  labeled  IDN .  A  photodiode  with  a  pilot-B 
scintillator  to  measure  x  rays  was  located  on  axis  35-cm 
downstream  of  the  anode. 

Shown  in  Fig.  2  are  the  experimental  data  from  two 
shots:  one  with  the  POS  and  one  without.  The  shots  had 
nearly  identical  peak  accelerator  voltage  pulses  of  —  960  kV 
across  the  inductive  store  section.  The  accelerator  pulse  ar¬ 
rived  at  the  inductor  0.5  fis  after  the  peak  of  the  injected 
plasma  density  at  the  cathode  surface.  The  currents  in  the 
inductor  Ivr  and  in  the  e-beam  load  section  I DN  are  shown 
in  Fig.  2(a).  Without  the  POS  the  accelerator  sees  190-nH 
inductance  ( Ls  +  Ll  )  in  series  with  the  —  12-/2  e-beam  load. 
This  limits  the  peak  current  in  the  inductor  to  —  80  kA.  I DN 
follows  /UP  with  some  current  loss  due  to  cathode  stalk  emis¬ 
sion.  With  the  POS  the  accelerator  sees  only  the  inductive 
store  with  Ls  —  175  nH  and  the  closed  switch  for  the  first 
—  50  ns.  During  this  time  the  switch  diverts  up  to  220  kA 
from  the  load.  When  the  switch  begins  to  open,  the  down¬ 
stream  current  rises  to  —  130  kA  in  —6  ns  with  a  maximum 
d/DN/d/~ 2.2X  1013  A/s.  A  loss  of  90  kA  occurs  in  the 
switch  and  downstream  of  the  switch. 

Voltages  across  the  switch  Fsw  =  VD  —  Lsdlcr/dt 
computed  from  the  measured  insulator  voltage  VD  and 
dIVf/dt  are  shown  in  Fig.  2(b).  The  voltage  across  the  load 
impedance  is  approximately  the  same  as  the  switch  voltage 
becalue£t  <LS.  Without  the  POS  the  switch  voltage  pe/:s 
at  -790  kV  and  has  an  85-ns  FWHM  V/bh  the  POS  the 
voltage  is  near  zero  during  the  conductiw.. ,  rises 

to  1.4  MV  in  —20  ns.  The  FWHM  of  the  pulse  is  —25  ns. 
The  FWHM  of  the  voltage  pulse  with  the  POS  is  reduced  by 
a  factor  of  3  and  the  peak  voltage  is  a  factor  cf  2  higher  than 
without  the  POS. 

The  x-ray  signals  agree  with  the  pulse  compression  and 
voltage  multiplication.  Without  the  POS  a  — 35-ns  FWHM, 
25-V  peak  photodiode  signal  is  measured  compared  to  a  13- 
ns  FWHM  pulse  and  -  225-V  peak  with  the  POS.  The  shape 
of  the  x-ray  signal  and  the  factor  of  S  signal  increase  agrees 
with  an  /Dn(^sw):  *  scaling  of  the  data.14 

The  increased  current  and  the  higher  voltage  in  the  e- 
beam  diode  with  the  POS  are  corroborated  by  damage  to  the 
anode.  Without  the  POS  the  anode  damage  is  within  a  6-cm- 
Hiam  circle  while  with  the  PO5;  * —  n'n.l  •  with,* 
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cage. 

The  peak  power  into  the  switch  and  load  combination  is 
0.065  TW  without  the  POS  and  0.2S  T\V  with  the  POS.  The 
fourfold  increase  in  peak  power  results  from  the  higher  vol¬ 
tage  and  current  in  the  switch.  For  comparison,  the  power 
delivered  to  a  matched  (2  /? )  low  inductance  (30  nH)  diode  is 
0. 14  TW  for  a  similar  accelerator  pulse. 

Many  shots  were  taken  with  different  plasma  densities 
in  the  switch  region  and  with  different  timing  between  the 
arrival  of  the  plasma  in  the  switch  region  and  the  arrival  of 
the  accelerator  pulse.  The  switch  opening  was  observed  to  be 
reproducible  within  the  limits  of  the  plasma  gun  and  accel¬ 
erator  pulse  reproducibility.  The  switch  could  be  made  to 
divert  only  the  leading  edge  of  the  accelerator  pulse  as  de¬ 
sired  for  prepulse  suppression  or  to  divert  as  much  as  250  kA 
with  the  switch  still  opening  in  ~  10  ns  depending  on  how 
much  plasma  was  injected.  If  too  much  plasma  was  injected 
the  switch  diverted  the  entire  pulse  from  the  load.  An  ex¬ 
tended  parameter  study  of  density  effects  is  presently  being 
performed. 

A  simple  model  of  the  opening  switch  operation  has 
been  developed  based  on  erosion  of  the  plasma  near  the  cath¬ 
ode  due  to  the  ion  current  drawn  out  of  the  plasma.  The 
model  consists  of  four  phases:  a  conduction  phase,  a  one 
dimensional  bipolar  erosion  phase,*-*  a  two-dimensional 
erosion  phase,  and  a  magnetic  insulation  phase.  The  effects 
of  magnetic  pressure  due  to  JxB  forces  on  the  plasma  have 
been  neglected  in  this  model.  These  forces  have  been  studied 
extensively  for  the  AMPHION  ion  diode  concept17  and  are 
under  active  study  for  their  effects. 

Phase  I  of  the  switch  operation  begins  with  the  plasma 
filling  the  switch  region  uniformly  and  striking  a  finite  area 
on  the  cathode  surface.  The  accelerator  is  fired  and  a  voltage 
appears  across  the  inductor  and  switch  combination.  A  cath¬ 
ode  surface  plasma  is  formed  by  some  process  and  becomes  a 
space-charge-limited  electron  emitter.  A  gap  ne3r  the  cath¬ 
ode  plasma  forms  and  a  bipolar  Child-Langmuir  diode  is 
established  with  the  cathode  surface  on  one  side  and  the 
carbon  plasma  on  the  ether.  Ions  enter  the  g3p  due  to  their 
drift  and  thermal  velocity  supplying  the  <1%  of  the  charge 
flux  necessary  to  maintain  a  bipolar  flow.  For  example  a  C~ 
plasma  with  a  charge  flux  of  20  A/cm3  as  used  in  the  experi¬ 
ments  is  sufficient  to  drive  almost  3  kA/cm3  (electrons  and 
ions)  in  the  gap  region.  As  long  as  the  switch  current  density 
remains  below  this  level  the  gap  will  not  open  and  the  switch 
impedance  will  remain  low.  Phase  II  begins  when  the  ion 
flux  into  the  gap  is  no  longer  sufficient  to  maintain  bipolar 
flow  across  the  plasma-gap  interface.  The  additional  ion  flux 
is  provided  by  eroding  the  plasma  and  opening  the  gap.  This 
erosion  can  produce  opening  velocities  ~  10  cm/us.  As  the 
gap  D  increases,  the  Child-Langmuir  switch  impedance  in¬ 
creases  with  D 1  giving  a  rapidly  increasing  switch  resistance. 
As  the  current  in  the  switch  region  increases,  the  switch  elec¬ 
trons  are  bent  downstream  by  their  self-magnetic  field  and 
travel  along  the  plasma  surface  for  the  length  L  of  the  switch 
plasma.  This  begins  phase  III  of  the  opening  process.  The  ion 
flux  and  therefore  the  erosion  rate  is  increased  by  a  factor  of 
L  /D  in  the  same  way  the  ion  current  in  a  pinched-beam  ion 
diode14  17  is  enhanced.  Opening  velocities  of  10J  cm/ps  are 
possible  with  this  enhancement  leading  to  very  fast  increases 
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load  begins  to  conduct  a  larger  fraction  of  the  current.  Phase 
IV  begins  when  the  diode  current  exceeds  the  critical  current 
for  magnetic  insulation  in  the  switch  gap.  The  electrons  no 
longer  interact  with  the  plasma  and  travel  down  the  final 
section  of  transmission  line  to  the  load. 

This  model  is  very  simplistic  but  does  explain  the  ob¬ 
served  operation  of  the  switch.  The  onset  of  each  phase  will 
not  be  as  clear  cut  as  described  here.  Further  experiments 
and  electromagnetic  code  simulations  are  planned  to  refine 
the  model. 

Experimental  results  have  been  presented  in  which  a 
POS  was  observed  to  conduct  up  to  200  :<A  for  --  50  ns  while 
a  vacuum  inductor  was  charged.  The  switch  then  opened  in 
— 10  ns  producing  a  voltage  in  excess  of  1  MV  and  delivering 
a  large  fraction  of  the  inductively  stored  energy  to  an  e-beam 
diode  load.  The  rapid  opening  is  attributed  to  two-dimen¬ 
sional  enhanced  erosion  effects  in  the  switch  resulting  from 
the  beam’s  self-magnetic  field.  The  output  vol.uge  pulse  was 
cofnpressed  in  time  by  a  factor  of  3  and  increased  in  peak 
value  by  a  factor  of  2.  The  power  delivered  to  the  load  in¬ 
creased  by  a  factor  of  4  as  compared  to  the  measured  power 
without  the  switch  and  by  a  factor  of  2  compared  to  the 
accelerator’s  matched  load  peak  power.  In  the  dosed  state 
the  switch  successfully  diverted  >  200  kA  of  current.  A  sim¬ 
ple  model  of  the  opening  switch  was  presented  which  agrees 
qualitatively  with  the  observed  switch  operation.  This  model 
suggests  further  experiments  which  will  provide  insight  into 
the  operation  and  improved  design  of  such  switches. 

The  method  described  here  is  applicable  to  many 
pulsed-power  accelerators.  It  offers  a  wide  range  of  applica¬ 
tions  from  prcpulse  suppression  to  compact  inductive  ener¬ 
gy  storage  and  pulse  compression.  For  existing  accelerators 
the  POS  can  lower  the  inductance  between  the  final  energy 
store  and  the  load  which  allows  faster  risetimes.  Applica¬ 
tions  to  multiline  accelerator  systems  to  aid  in  pulse  forming 
and  to  minimize  jitter  are  currently  under  investigation.  Fu¬ 
ture  experiments  will  focus  on  scaling  of  the  switch  oper¬ 
ation  to  higher  currents  and  voltages  and  a  better  under¬ 
standing  of  the  opening  process. 
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